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PREFACE 


The 6th Joint MMM-INTERMAG Conference was held in the Albuquerque Convention Cen¬ 
ter, June 20-23,1994. Continuing a practice inaugurated at the 1993 MMM Conference in Min¬ 
neapolis, the conference was preceded by a Sunday afternoon tutorial session sponsored by the 
Education Committee of the IEEE Magnetics Society. This accommodates particularly those at¬ 
tendees staying over the Saturday night before the conference. This year’s topic was “Magnetic 
Multilayers: Fundamental Issues to Applications.” The tutorial was particularly timely and played 
to a standing-room-only audience. 

In addition to the usual invited papers, there were eight invited symposia; there were three on 
topics relating to magnetic and magneto-optic recording, and one each on magnetic microscopy, 
magnetic aftereffect, giant magnetoresistance, magneto-impedance, and neutron scattering studies 
of vortex structures in superconductors. There was also an evening panel discussion on units in 
magnetism. The session was lively, but failed to reach closure. 

The conference was a marked success. It was larger than any previous Joint Conference. It 
was also generally agreed that the program, facilities, and environment were excellent. It was 
attended by 1227 participants. A total of 1444 abstracts were submitted from 36 countries. Of 
these, 497 originated in the U.S., 178 were from Japan, 155 from Russia, and 119 were from China 
(PRC and ROC), accounting for 66% of submissions. The program committee accepted 1048 
abstracts (73%) for presentation. 

Once again we are publishing, in this volume of the Journal of Applied Physics and in the 
associated volume of the IEEE Transactions on Magnetics, fully refereed papers based upon the 
conference presentations. The Transactions volume includes 368 contributed papers and 11 invited 
papers and constitutes the INTERMAG Proceedings for 1994; the Journal volume includes 280 
contributed papers and 47 Invited papers and constitutes the MMM Proceedings for 1994. As 
usual, all fully paid registrants at the conference receive both volumes. Subscribers to either 
periodical will receive only the corresponding volume with their subscrip''on. Both volumes 
contain the complete Table of Contents. 

The conference reception at the “Los Amigos Round-Up Ranch” was sold out. Despite heavy 
rain that kept all activities indoors, this reception was a great success, with perhaps more thorough 
mingling of attendees than would have occurred in good weather. 

Finally, I would like to thank the dedicated and talented volunteers on the Steering Committee 
and the very professional team of Courtesy Associates personnel for an exceptional job. 


Stanley H. Charap 
General Chairman 
6th Joint MMM-INTERMAG Conference 
Carnegie Mellon University 
Pittsburgh, Pennsylvania, U.SA. 
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6235 Evidence for reversal by nucleation in RE-Fe-B die-upset magnets 

6238 Microstructure and magnetic properties of mechanically alloyed anisotropic 
Nd-Fe-B 

6241 Preparation and transmission electron microscope investigation of 
sintered Nd 1 5 . 4 Fe 75 7 Be. 7 Cu 13 Nb 09 magnets 

6244 Fe-Nd-C-based ingot permanent magnets by solid-state transformation 

6247 Generation of highly uniform fields with permanent magnets (invited) 

6253 Fabrication of multipolar magnetic field sources 

6256 Kinetic studies on solid-HDDR processes in Nd-Fe-B-type alloys 

6259 Study of desorbed hydrogen-decrepitated anisotropic Nd-Fe-B powder 
using x-ray diffraction 

6262 The electrochemical hydrogenation of NdFeB sintered alloys 

6265 Relation of remanence and coercivity of Nd,(Dy)-Fe,(Co)-B sintered 
permanent magnets to crystallite orientation 

6268 Comparison of magnetic methods for the determination of texture of 
permanent magnets 

6271 Magnetic-field orientation and coercivity 

Magnetic Multilayer Coupling 

6274 Magnetic structures and interactions in Ho/Y, Ho/Lu, and Ho/Er superlattices 
(invited) 

6278 Epitaxial ferromagnetic MnAs thin films grown by molecular-beam epitaxy 
on GaAs: Structure and magnetic properties 

6281 Co/CoAl magnetic superlattices on GaAs 


6284 Investigations of the interplay between crystalline and magnetic ordering 
in Fe 3 04 /Ni 0 superlattices 


6287 Magnetic characterization of epitaxial Y 5 Fee0, 2 /Bi 3 Fe 5 0 12 and 

YjFesOtj/E^BiaFes 0 12 heterostructures grown by pulsed laser deposition 

6290 interlayer correlations and helical spin ordering in MnTe/CdTe multilayers 
(abstract) 

6291 Interlayer coupling in antiferromagnetic EuTe/PbTe superlattices (abstract) 


6292 Heat capacity measurements of antiferromagnetic CoO/NiCoO superlattices 
(abstract) 


Q. G. Sheng, B. R. Cooper 

D. A. Tindall, C. P. Adams, M. O. 
Steinitz, T. M. Holden 


C. D. Fuerst, E. G. Brewer 

L Henderson Lewis, Y. Zhu, D. 0. 
Welch 

J. Wecker, H. Cerva, C. Kuhrt, K. 
Schnitzke, L. Schultz 

Johannes Bernardi, Josef Fidler 

M. Leonowicz, H. A. Davies, S. 
Wojciechowski 

M, G. Abele 

H. A. Leupold, G. r . McLane 

0. Gutfleisch, M. Verdier, I. R. 
Harris 

G. P. Meisner, V. Panchanathan 

Kuo En Chang, Garry W. Warren 

A. S. Kim, F. E. Camp, H. H. 
Stadelmaier 

G. Asti, R. Cabassi, F. Bolzoni, S. 
Wlrth, D. Eckert, P. A. P. 
Wendhausen, K.-H. Muller 

Brandon Edwards, D. I. Paul 


R. A. Cowley, D. F. McMorrow, A. 
Simpson, D. Jehan, P. Swaddling, 
R. C. C. Ward, M. R. Wells 

M. Tanaka, J. P. Harbison, M. C. 
Park, Y. S. Park, T. Shin, G. M. 
Rothberg 

J. De Boeck, C. Bruynseraede, H. 
Bender, A. Van Esch, W. Van Roy, 
G. Borghs 

D. M. Lind, J. A. Borchers, R. W. 
Erwin, J. F. Ankner, E. Lochner, 

K. A. Shaw, R. C. DiBari, W. 
Portwine, P. Stoyonov, S. D. Berry 

B. M. Simion, R. Ramesh, V. G. 
Keramidas, G. Thomas, E. 
Marinero, R. L. Pfeffer 

V. Nunez, T, M. Giebultowicz, W. 
Faschinger, G. Bauer, H. Sitter, 

J. K. Furdyna 

T. M. Giebultowicz, V. Nunez, G. 
Springholz, G. Bauer, J. Chen, 

M. C. Dresselhaus, J. K. Furdyna 

E. N. Abarra, K. Takano, F. Heilman, 
A. E. Berkowitz 
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6293 Exchange coupling, interface structure, and perpendicular magnetic 
anisotropy in Tb/Fe multilayers (abstract) 

6294 Interfacial contributions to magnetic anisotropy in metal/semiconductor 
systems (abstract) 

Fine Particles 

6295 The magnetization density profile of a grain boundary in nickel (invited) 

6301 Magnetic and magnetocaloric properties of melt-spun Gd x Ag 100 _ x alloys 

6304 Thickness dependence of the magnetic and electrical properties of 
Fe:Si0 2 nanocomposite films 

6307 Calculation of magnetic moments in Ho 2 C 3 nanocrystals 

6310 Kramers’s rate theory, broken symmetries, and magnetization reversal 
(invited) 

6316 Magnetic properties of nanophase cobalt particles synthesized in inversed 
micelles 

6319 Magnetic and structural properties of vapor-deposited Fe-Co alloy 
particles 

6322 Extended x-ray-absorption fine-structure studies of heat-treated 
fcc-Fe 50 Cu 5 o powders processed via high-energy ball milling 

6325 Structure analysis of coprecipitated ZnFe 2 0 4 by extended x-ray-absorption 
fine structure 

6328 Magnetic anisotropy of small clusters and very thin transition-metal films 

6331 Structure and magnetic properties of Nd 2 Fe 14 B fine particles produced by 
spark erosion (abstract) 

Macroscopic Quantum Tunneling 

6332 Thermal equilibrium noise with 1/f spectrum in a ferromagnetic alloy: 
Anomalous temperature dependence 

6335 Experimental observation of magnetostochastic resonance 

Critical Phenomena, Spin Glasses, and Frustrated Magnets 

6338 Critical magnetic susceptibility of gadolinium 

6341 Monte Carlo simulation of Ising models with dipole interaction 

6344 Magnetic phase diagrams of NdRu 2 Si 2 and TbRu 2 Si 2 compounds 

6347 Study of critical properties of the Potts model by the modified variational 
cumulant expansion method 

6350 Phase transition in a system of interacting triads 

6353 Critical behavior of the random Potts model 

6356 Influence •*. exchange bond disorder on the magnetic properties of 
(Pd, _ x Fe x ) 95 Mn 5 near T c 

6359 Magnetic transitions at high fields in (Fe,Mn) 3 Si alloys 

6362 Critical behavior of the two-dimensional easy-plane ferromagnet 


J. Tapped, J. Jungermann, B. 
Scholz, R. A. Brand, W. Keune 

B. T. Jonker, H. Abad, J. J. Krebs 


M. R. Fitzsimmons, A. Roll, E. 
Burkel, K. E. Sikafus, M. A. 
Nastasi, G. S. Smith, R. Pynn 

C. D. Fuerst, J. F. Herbst, R. K. 
Mishra, R. D. McMichael 

S. S. Malhotra, Y. Liu, J. X. Shen, 
S. H. Liou, D. J. Sellmyer 

S. A. Majetich, J. 0. Artman, C. 
Tanaka, M. E. McHenry 

Hans-Benjamin Braun 

J. P. Chen, C. M. Sorensen, K. J. 
Klabunde, G. C. Hadjipanayis 

S. Gangopadhyay, Y. Yang, G. C. 
Hadjipanayis, V. Papaefthymiou, 

C. M. Sorensen, K. J. Klabunde 

P. Crespo, A. Hernando, A. Garcia 
Escorial, K. M. Kemner, V. G. 
Harris 

B. Jeyadevan, K. Tohji, K. 
Nakatsuka 

H. Dreysse, J. Dorantes-Davila, S. 
Pick, G. M. Pastor 

H. Wan, A. E. Berkowitz 


S. Vitale, A. Cavalleri, M. Cerdonio, 
A. Maraner, G. A. Prodi 

A. N. Grigorenko, P. I. Nikitin, A. N. 
Slavin, P. Y. Zhou 


R. A. Dunlap, N. M. Fujiki, P. 
Hargraves, D. J. W. Geldart 

U. Nowak, A. Hucht 

M. Salgueiro da Silva, J. B. Sousa, 
B. Chevalier, J. Etourneau 

N. G. Fazleev, Hao Che, J. L. Fry, 
D. L. Lin 

H. T. Diep, D. Loison 

B. M. Khasanov, S. I. Belov, D. A. 
Tayurskii 

Z. Wang, X. Qi, H. P. Kunkel, Gwyn 
Williams 

H. J. Al-Kanani, J. G. Booth, J. W. 
Cable, J. A. Fernandez-Baca 

Alessandro Cuccoli, Valerio 
Tognetti, Paola Verrucchi, Ruggero 
Vaia 
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6365 

Magnetic anomaly in insulator-conductor composite materials near the 
percolation threshold 

L. V. Panina, A. S. Antonov, A. K. 
Sarychev, V. P. Paramonov, E. V. 
Timasheva, A. N. Lagarikov 

6368 

Time dependence effects in disordered systems 

K. O'Grady, M. El-Hilo, R. W. 
Chantrell 

6371 

Magnetization of amorphous Fe 0 82 Bo.i 8 ar| d Fe 0 90 2r 010 compounds with 
additions of Tb 

S. J. Clegg, J. H. Purdy, R. D. 
Greenough, F. Jerems 

6374 

Magnetic ordering in the three-dimensional site frustrated Heisenberg 
model 

Morten Nielsen, D. H. Ryan, Hong 
Guo, Martin Zuckermann 

6377 

Mossbauer measurements of spin correlations in a-fFe.NQgoZrgSn 

D. Wiarda, D. H. Ryan 

6380 

Study of the spin glass transition of amorphous FeZr alloys using small 
angle neutron scattering 

K. Mergia, S. Messoloras, G. 
Nicolaides, D. Niarchos, R. J. 
Stewart 

6383 Study of magnetohistory effects in YFe, 2 _ x Mo x (x=1.5-3.0) 

Symposium on Slow Relaxatlon/Magnetic Aftereffect 

Yi-Zhong Wang, Bo-Ping Hu, 
Gui-Chuan Liu, Lin Song, Kai-Ying 
Wang, Ji-Fan Hu, Wu-Yan Lai 

6386 

Magnetic viscosity, fluctuation fields, and activation energies (invited) 

R. Street, S. D. Brown 

6391 

Analysis and interpretation of time dependent magnetic phenomena 
(invited) 

L. Folks, R. Street 

6396 

Ubiquitous nonexponential decay: The effect of long-range couplings? 

(invited) 

E. Dan Dahlberg, D. K. Lottis, 

R. M. White, M. Matson, E. Engle 

6401 

Mesoscopic model for the primary response of magnetic materials 
(invited) 

R. V. Chamberlin 

6407 

Models of slow relaxation in particulate and thin film materials (invited) 

R. W. Chantrell, A. Lyberatos, M. 
El-Hilo, K. O’Grady 

6413 Time dependence of switching fields in magnetic recording media (invited) 

Ultrathin Films and Overlayers 

M. P. Sharrock 

6419 

Magnetic and structural instabilities of ultrathin Fe(100) wedges (invited) 

S. D. Bader, Dongqi Li, Z. Q. Qiu 

6425 

Magnetic and structural instabilities of ferromagnetic and antiferromagnetic 
Fe/Cu(100) 

Dongqi Li, M. Freitag, J. Pearson, 

Z. Q. Qiu, S. D. Bader 

6428 

Impurity hyperfine fields in metastable body centered cubic Co 

J. Dekoster, B. Swinnen, M. Rots, 
G. Langouche, E. Jedryka 

6431 

Ferromagnetism and growth of Ru monolayers on C(0001) substrates 

G. Steierl, R. Pfandzelter, C. Rau 

6434 

Spin reorientation transition in Ni films on Cu(100) 

S. Z. Wu, G. J. Mankey, F. Huang, 
R. F. Willis 

6437 

Magnetization-related transport anomalies in metal/ferromagnetic insulator 
heterostructures 

G. M. Roesler, Jr„ M. E. Filipkowski, 
P. R. Broussard, M. S. Osofsky, 

Y. U. Idzerda 

6440 

Lorentz electron microscopy studies of magnetization reversal processes 
in epitaxial Fe(001) films 

E. Gu, J. A. C. Bland, C. Daboo, 

M. Gester, L. M. Brown, R. Ploessl, 
J. N. Chapman 

6443 

Magnetic response of ultrathin Fe on MgO: A polarized neutron 
reflectometry study 

S. Adenwalla, Yongsup Park, G. P. 
Felcher, M. Teitelman 

6446 

Roughness dependent magnetic hysteresis of a few monolayer thick Fe 
films on Au(001) 

Y.-L. He, G.-C. Wang 

6449 

Fluctuation effects in ultrathin films 

S. T. Chui 

6452 

Magnetic studies of fee Co films grown on diamond (abstract) 

J. A. Wolf, J. J. Krebs, Y. U. 

Idzerda, G. A. Prinz 







6452 

A Monte Carlo study of the temperature dependence of magnetic order on 
ferromagnetic and antiferromagnetic surfaces: Implications for 
spin-polarized photoelectron diffraction (abstract) 

F. Zhang, S. Thevuthasan, R. T. 
Scalettar, R. R. P. Singh, C. S. 
Fadley 

X-ray Magneto-optics 


6453 

X-ray magnetic circular dichroism in the near and extended absorption 
edge structure (invited) 

G. Schiitz, P. Fischer, K. Attenkofer, 
M. Knulle, D. Ahlers, S. Stahter, C. 
Detlefs, H. Ebert, F. M. F. de Groot 

6459 

Discussion of the magnetic dichroism in the x-ray resonance scattering 

Peter Rennert 

6462 

Experimental investigation of dichroism sum rules for V, Cr, Mn, Fe, Co, 
and Ni: Influence of diffuse magnetism 

W. L. O’Brien, B. P. Tonner, G. R. 
Harp, S. S. P. Parkin 

6465 

Spin-specific photoelectron diffraction using magnetic x-ray circular 
dichroism 

J. G. Tobin, G. D. Waddill, X. Guo, 
S. Y. Tong 

6468 

Enhanced magnetic moment and magnetic ordering in MnNi and MnCu 
surface alloys 

W. L. O’Brien, B. P. Tonner 

6471 

Observation of x-ray magnetic circular dichroism at the Rh M 2i3 edge in 

Co-Rh alloys 

G. R. Harp, S. S. P. Parkin, W. L. 
O'Brien, B. P. Tonner 

6474 

Circular magnetic x-ray dichroism for rare earths 

H. Kdnig, Xindong Wang, B. N. 
Harmon, P. Carra 

6477 

Circular dichroism in core-level photoemission from nonmagnetic and 
magnetic systems: A photoelectron diffraction viewpoint (abstract) 

A. P. Kaduwela, H. Xiao, S. 
Thevuthasan, C. Westphal, M. A. 
Van Hove, C. S. Fadley 

6477 

Elemental determination of the magnetic moment vector (abstract) 

H.-J. Lin, G. Meigs, C. T. Chen, 

Y. U. Idzerda, G. A. Prinz, G. H. Ho 

Coupled Multilayers, Thin Films, and GMR 


6478 

Hybrid NiFeCo-Ag/Cu multilayers: Giant magnetoresistance, structure, 
and magnetic studies 

J. D. Jarratt, J. A. Barnard 

6481 

Giant magnetoresistance in NiFe-Ag granular alloys 

F. Badia, A. Labarta, X. Batlle, 

M. L. Watson 

6484 

Anisotropic giant magnetoresistance Induced by magnetoannealing in 

Fe-Ag granular films 

J. G. Na, C. T. Yu, X. G. Zhao, 

W. Y. Lai, H. L. Luo, J. G. Zhao 

6487 

Influence of microstructure on magnetoresistance of FeAg granular films 

Chengtao Yu, Ye Yang, Yuqing 
Zhou, Shuxiang Li, Wuyan Lai, 
Zhenxi Wang 

6490 

Magnetic properties of FeSi-SiO z granular films 

Z. S. Jiang, X. Ge, J, T. Ji, H. 

Sang, G. Guo, Y. W. Du, S. Y. 

Zhang 

6493 

Hysteresis of binary clusters 

Ivo Klik, Jyh-Shinn Yang, Ching-Ray 
Chang 

6496 

Some specific features of fine Fe and Fe-Ni particles 

Yu. V. Baldokhin, P. Ya. Kolotyrkin, 
Yu. 1. Petrov, E. A. Shafranovsky 

6499 

Magnetoresistance of the magnetically ordered icosahedral quasicrystals 
Al-Pd-Mn-B 

M. H. Yewondwossen, S. P. Ritcey, 
Z. J. Yang, R. A. Dunlap 

6501 

Electrical transport in amorphous Fe-Mn-Zr alloys 

V. Srinivas, A. K. Nigam, G. 
Chandra, D. W. Lawther, M. 
Yewondwossen, R. A. Dunlap 

6504 

Field dependence of nuclear magnetic resonance in molecular beam 
epitaxy grown Co(111)/Cu multilayers 

T. Thomson, H. Kubo, J. S. Lord, 

P. C. Riedi, M. J. Walker 

6507 

Dependence of giant magnetoresistance in Co/Cu multilayers on the 
thickness of the Co layers 

A. M. Shukh, D. H. Shin, H. 
Hoffmann 

6510 

Vertical inhomogeneity of the magnetization reversal in 
antiferromagnetically coupled Co/Cu multilayers at the first maximum 

R. Mattheis, W. Andra, L. Fritzsch, 

J. Langer, S. Schmidt 

6513 

Magnetic and structural studies of sputtered Co/Cu multilayer films 

J. D. Kim, Amanda K. Patford-Long, 
J. P. Jakubovics, J. E. Evetts, R. 
Somekh 
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Y. Liou, J. C. A. Huang, Y. D: Yao, 

> G. H; Lee, K. T. Wu, C. L Lu, S. Y. 
Liao. Y Y. Ghen; N. T. Liang,'W. T. 
Yang, C. Y. Chen, B. C. Hu 

S. Z. Hua, D. S. Lashmore, L 
Salamanca-Riba. W. Schwarzacher, 
L. J. Swartzenruber. R. D. 
McMichael, L. H. Bennett, R. Hart 

S. Gangopadhyay, S; Hossaih, J. 
Yang, J. A. Barnard, M. T. Kief, H. 
Fujiwara, M; R; Parker 

Y, U. Idzerda, G.-T. Chen, S. F. 
Cheng, W. Vavra, G: A. Prinz, G: 
Meigs, H.-J. Lin, G. H. Ho 

K. Hanisch, W. Keune, R. A. Brand, 
C. Binek, W. Kleemann 


6531 

Heat treatment to control the coercivity of Pt/Co multilayers 

J. Miller, P. G. Pitcher, D. P. A. 
Pearson 

6534 

Magnetostriction and magnetic properties of iron-cobalt alloys multilayered 
with silver 

Tamzin A. Lafford, M. R; J. Gibbs, 

R. Zuberek, C. Shearwood 

6537 

Stabilization of the hexagonal close-packed phase of cobalt at high 
temperature 

N. P. Barradas, H. Wolters, A, A. 
Melo, J. C. Soares, M. F. da Silva, 
M. Rots, J. L. Leal, L. V. Melo, P. P, 
Freitas 

6540 

Observation and computer simulation of static magnetization process in 
soft magnetic thin film 

Zhlgang Wang, Ikuya Tagawa, 
Yoshlhisa Nakamura 

6543 

Magnetic and structural properties of Fe-FeO bllayers 

X. Lin, A. S. Murthy, G. C. 
Hadjipanayis, C. Swann, S. 1. Shah 

6546 

Ferromagnetic-ferromagnetic tunneling and the spin filter effect 

P. LeClair, J. S. Moodera, R. 
Meservey 

6549 

Theory of Brijuin light scattering from spin waves in multilayers with 
interlayer exchange and dipole coupling 

A. N. Slavin, 1. V. Rojdestvenski, 

M. G. Cottam 

6552 

Spin wave spectra in semi-infinite magnetic superlattices with nonuniaxlal 
single-Ion anisotropy 

E. L. Albuquerque 

6555 

Ground state of antiferromagnetic systems in a magnetic field and in the 
presence of surfaces 

L. Trallori, P. Politl, A. Rettori, M. G. 
Pini, J. Villain 

6558 

Magnetoresistance of ultrathln Co films grown in UHV on Au(111): 

Crossover from granular to continuous film behavior versus Co thickness 
(abstract) 

C. Dupas, E. Kolb, J. P. Renard, E. 
Velu, M. Galtier, M. Mulloy, D. 
Renard 

6559 

The micromagnetics of periodic arrays of defects in trilayers with interlayer 
exchange coupling (abstract) 

H. A. M. van den Berg 

6560 

FMR doublet in two-layer iron garnet films (abstract) 

A. M. Grishin, V. S. Dellalov, E. 1. 
Nikolayev, V. F. Shka,, S. V. 
Yampolskii 

6560 

Influence of the dipole interaction on ihe direction of the magnetization in 
thin ferromagnetic films (abstract) 

A. Moschel, K. D. Usadel 

Fine Particle* 


6561 

Coercivity and switching field of single domain y-Fe 2 0 3 particles ut:der 
consideration of the demagnetizing field 

Paul L. Fulmek, Hans Hauser 

6564 

Structural and magnetic characterization of Co particles coated with Ag 

J. Rivas, R. D. Sanchez, A. 
Fondado, C. Izco, A. J. 
Garcia-Bastida, J. Garcta-Otero, J. 
Mira, D. Baldomir, A. Gonzalez, 1. 
Lado, M. A. Lopez Quintela, S. B. 
Oseroff 

6567 

Magnetic properties of Fe clusters in NaY zeolite 

J. A. Cowen, K. L. Tsai, J. L. Dye 


6522 High sensitivity GMRin NiFeCo/Cu multilayers 

6525 Multidomain and incomplete alignment effects in giant magnetoresistance 
- trilayers: j • • ’ ■ . • . < 

6528 Interface alloying and magnetic properties of Fe/Rh multilayers 


6516 nifffluence of crystaLstructure on the magnetoresistance of Co/Cr multilayers 

'i . K , v' .,t -cr* ■ ■■ - 


6519 Giant magnetoresistance peaks in CoNiCu/Cu multilayers grown by 
-eiectrodeposition : \ v "• ' •* 
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6570’ -Preparation and microwave'characterization of spherical and monodisperse 
Goapf'Ji^o particles-' - . 

6573 Coerci^ ol Fe-SjOz nanpajmpdsite materials prepared by ball milling 

6576 ’Nuclear magnetic resdnance .study of the magnetic behavior of ultrafine 
Co clusters in zeolite NaY ' 


G. ViaUi F. Ravel; Q. Acher, F. 
Fievet-Vincent, F. Fievet 

Anit K. Giri, C. de Julian, J. M. 
Gonzalez* 

Y. D. Zhang, W. A. Hines, J. I. 
Budnick, Z. Zhang, W. M. H. 
Sachtler 


6579 Perfluorocyclpbutane containing aromatic ether polymers as planarization 

media substrates ” v 

6582 Anomalous perpendicular magnetoanisotropy in Mn 4 N films on Si(100) 

6585 Formation kinetics of polycrystalline Eu 2 ^iCe x Cu0 4 _y:obtainedfrom a 
sol-gel precursor 

6588 Thermal-decay of/V coupled particles 

6591 Influence of size and magnetocrystalline anisotropy on spin canting 
anomaly in fine ferrimagnetie- particles 

6594 Magnetic properties of nanometer-sized Fe 4 N compound (abstract) 


Donald J. P.erettie, Jack Judy, Qixu 
Chen, Rick Keirstead . 

K. M. Ching, W. D. Chang, T. S. 
Chin, J.;G. Duh;;H. C. Ku 

P/Ar Suzuki, R.F. Jardim, S. 
Gama ; 

Ivo Klik,.Ching-Ray Chang, 
Jyh-Shinn Yang 

D. H.^Han, J. P. Wang, Y. B. Feng, 
H. L. Luo 

Y. B. Feng 


Giant Magnetorssistance 

6595 Theory of the negative magnetoresistance of ferromagnetic-normal 
metallic multilayers (invited) 

6601 Giant magnetoresistance in Co/Cu multilayers after annealing 
6604 Magnetoresistance and magnetization oscillations in Fe/Cr/Fe trilayers 


6607 Structural and magnetic properties of Co/Ag multilayers 
6610 Magnetic states of magnetic multilayers at different fields 


6613 Investigation of the magnetic structures in giant magnetoresistive multilayer 
films by electron microscopy 

6616 Distribution of current In spin valves (abstract) 

6616 A comparison of the giant magnetoresistance and anisotropic 
magnetoresistance In Co/Cu sandwich films (abstract) 

6617 Enhanced magnetoresistance in chromium doped Fe/Cr multilayers 
(absf-act) 

6617 Low field giant magnetoresistance and oscillatory interlayer exchange 
coupling in polycrystalline and (lll)-oriented permalloy/Au multilayers 
(abstract) 

6618 Giant magnetoresistance at low fields in [(N^Fet _ x )yAg 4 _ y J/Ag multilayers 
prepared by molecular beam epitaxy (abstract) 


6619 Effects of domains on magnetoresistance (abstract) 


L. M. Falicov, Randolph Q. Hood 


T. R. McGuire, J. M. Harper, C. 
Cabral, Jr., T. S. Plaskett 

R. Schad, C. D. Potter, P. Belien, 

G. Verbanck, V. V. Moshchalkov, Y. 
Bruynseraede, M. Schafer, R. 
Schafer, P. Griinberg 

E. A. M. van Alphen, P. A. A. van 
Heijden, W. J. M. de Jonge 

P. A. Schroeder, S.-F. Lee, P. 
Holody, R. Loloee, Q. Yang, W. P. 
Pratt, Jr., J. Bass 

L. J. Heyderman, J. N. Chapman, 

S. S. P. Parkin 

Bruce A. Gurney, Virgil S. Speriosu, 
Harry Lefakis, Dennis R. Wilhoit 

B. H. Miller, E. YouJ'.m Chen, Mark 
Tondra, E. Dan Dahlberg 

Noa M. Rensing, Bruce M. Clemens 

S. S. P. Parkin, T. A. Rabed6au, 

R. F. C. Farrow, R. Marks 


R. F. C. Farrow, R. F. Marks, A. 
Cebollada, M. F. Toney, D. 
Dobbertin, R. Beyers, S. S. P. 
Parkin, T. A. Rabedeau 

Shufeng Zhang, Peter M. Levy 


F# 18 N 2 : Giant Moment or Not (Panel Discussion) 

6620 The synthesis, structure, and characterization of a"-Fe 16 N 2 (invited) 

6626 Magnetism of a"-Fe 16 N 2 (invited) 

6632 The magnetization of bulk o"Fe, 6 N 2 (invited) 


K. H. Jack 

Robert M. Metzger, Xiaohua Bao, 
Massimo Carbucicchio 

J. M. D. Coey 
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6637 Magnetic and Mossbauer studies of single-crystal Fe,^ and Fe-N 

beam epitaxy (invited) 

6642 Magnetic moment ofiif.r.Fdi^N 2 films (invited) 


6648 Enhanced Fe moment in nitrogen martensite and Fe 16 N 2 (invited) 

665$ Enhancemein;gf : tfteformation of Fe 16 N 2 on Fe films by Co additions 
(invited) ' ’’ ‘ r : : 

Preparation and Physics of Artificially Structured Magnets 

6656 Properties and'measurement; of.scanning tunneling; microscope fabricated 
ferromagnetic particle arrays (invited) 

6661 Magnetic properties of.amorphous nanocolumns created by heavy ion 
irradiation of paramagnetic YCo 2 thin films (invited) 

6667 Magnetic wire and box arrays (invited) 


6671 Ferromagnetic filaments fabrication in porous Si matrix (invited) 


6673 Single-domain magnetic pillar array of 35 nm diameter and 65 Gbits/In. 2 
density for ultrahigh density quantum magnetic storage 

6676 Magnetic properties of nanostructured thin films of transition metal 
obtained by low energy cluster beam deposition 


6679 Size effects on switching field of Isolated and interactive arrays of nanoscale 
single-domain Ni bars fabricated using electron-beam nanotithography 

Itinerant Magnetism and Electronic Structure I 

6682 Itinerant electron metamagnetism and related phenomena in Co-based 
intermetallic compounds (invited) 

6688 Local and nonlocal density functional studies of FeCr 


Yutaka Sugita, HiromasaTakahashi, 
Matahiro Komuro, Katsuya 
Mitsuoka, Akimasa Sakuma 

Migaku Takahashi, H. Shoji, H. 
Takahashi, H. Nashi, T. Wakiyama, 
M. DOi, M; Matsui 

W. E. Wallace, M. Q. Huang 

Yoshiharu Inoue, Shigeto 
Takebayashi, Toshio Mukai 


A;.D. Kent, S. ygn Molnar, S. 

Gider, D. D. Awschalom 

D, Givord, J. P, Nozieres, M. 
Ghidini, B, Gervais, Y. Otani 

Atsushi Maeda, Minoru Kume, 
Takashi Ogura, Kazuhlko Kuroki, 
Takashi Yamada, Madoka 
Nishikawa, Yasoo Harada 

Mi 

Sergey A. Gusev, Natalia A. 
Korotkova, Dmitry B. Rozenstein, 
Andrey A. Fraerman 

Stephen Y. Chou, Mark S. Wei, 
Peter R. Krauss, Paul B. Fischer 

V. Dupuis, J. P. Perez, J. Tuaillon, 
V. Palllard, P. Melinon, A. Perez, B. 
Barbara, L. Thomas, S. Fayeulle, 

J. M. Gay 

Mark S. Wei, Stephen Y. Chou 


T. Goto, H. Aruga Katori, T. 
Sakakibara, H. Mitamura, K. 
Fukamichi, K. Murata 

David J. Singh 


6691 Temperature-depandent electronic structure and ferromagnetism of bcc 
iron 

6694 Theory for itinerant electrons in noncollinear and incommensurate 
structured magnets (Invited) 

6700 Verwey transition in magnetite: Mean-field solution of the three-band 
model 

6703 Wannier states in magnetite 


W. Noiting, A. Vega 
J. Kubler, L. rvi. Sandratskii, M. Uhl 
S. K. Mishra, Z. Zhang, S. Satpathy 
Trao Her, Caret Boekema 


6705 Orbital ordering and magneto-optical effects in CeSb 


V. P. Antropov, B. N. Harmon, A. I. 
Liechtenstein 


Hard Magnets I 

6708 Magnetic properties of Sm 2 (Fe,V) 17 N y coarse powder 

6711 Mosstauer study of R 2 Fe 17 C x (R=Tb,Dy) as-quenched intermetallics 
compounds 


Shunji Suzuki, Shinya Suzuki, 
Masahito Kawasaki 

Hua-Yang Gong, Bao-Gen Shen, 
Lin-Shu Kong, Lei Cao, Wen-Shan 
Zhan, Zhao-Hua Cheng, Fang-Wei 
Wang 
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6714 Magnetic properties of Tm 2 Fe 17 C x (0«x=s2.8) compounds prepared by 
mettspinning' •<"' 

6717 Kerr microscopy observation of carbon diffusion profiles in Sm 2 Fe 17 C x 


6720 Neutron-diffraction study on the structure of Nd(TiFe) 12 N x and 
Nd(TiFeCo) 12 N x alloys 


6722 Synthesis and magnetic properties of PrFe 12 _ x Mo x and PrFe 12 _ x Mo x N y 
(0.5<x^1-.0,y~1) 

6725 Study of permanent magnetic properties of the 1-12 nitrides with Nd and 
Pr 


6728 Structural arid magnetic properties of Ce(Fe,M) 12 N x interstitial compounds, 
M=Ti, V, Cr, and Mo 

6731 Neutron-diffraction and Mossbauer effect study of the Tb 2 Fe 17 _ x Al x solid 
solutions 


6734 Structure and magnetic anisotropy of Sm 2 Fe 17 _ X AI X C (x -2-8) compounds 
prepared by arc melting 


6737 Uniaxial magne.c anisotropy in Fe-rich 2:17 compounds with sp 
substitutions 

6740 Magnetic properties of R 2 Fe 17 _ x Ga x compounds (R=Y, Ho) 

6743 Magnetic properties of Sm 2 (Fe, _ x Ga x ) 17 (x=0-0.5) compounds and their 
nitrides 

6746 Structure and magnetic properties of arc-melted Sm 2 (Fe, _ x Co x ) 14 Ga 3 C 2 
compounds 


6749 Neutron diffraction and Mossbauer effect study of the structure of 
DySIxFe^-xCoN alloys 


6751 A full electron LMTO-ASA study of electronic band structure and magnetic 
properties for RFeuTiN x (R=Y, Nd, Sm; x=0,1) 

6754 Magnetic properties and molecular field theory analysis of RFe 10 Mo 2 
alloys 

6757 Magnetic alignment in powder magnet processing 


Bao-Gen Shen, Lin-Shu Kong, Lei 
Cao, Hua-Yang Gong, Fang-Wei 
Wang, Zhao-Hua Cheng, Jian-Gao 
Zhao 

•J. Zawadzki, P. A. P. Wendhausen, 
B. Gebel, A. Handstein, D. Eckert, 
K.-H; Muller 

Shu-Ming Pan,< Hong Chen, 
Zu-Xiong Xu, Ru-Zhang Ma, Ji-Lian 
Yang, Bai-Sheng Zhang, De-Yan 
Xue, Qiang Ni 

0. Kalogirou, V. Psycharis, L. 
Saettas, D. Niarchos 

Ying-Chang Yang; Qi Pan, Ben-Pai 
Cheng, Xiao-Dong Zhang, Zun-Xiao 
Liu, Yun-Xi Sun, Sen-Ling Ge 

Qi Pan, Zun-Xiao Liu, Ying-Chang 
Yang 

G. K. Marasinghe, S. Mishra, 0. A. 
Pringle, Gary J. Long, Z. Hu, W. B. 
Yelon, F. Grandjean, D. P. 
Middleton, K. H. J. Buschow 

Zhao-Hua Cheng, Bao-Gen Shen, 
Jun-Xian Zhang, Fang-Wei Wang, 
Hua-Yang Gong, Wen-Shan Zhan, 
Jian-Gao Zhao 

R. A. Dunlap, Z. Wang, M. Foldeaki 

J. L. Wang, R. W. Zhao, N. Tang, 

W. Z. Li, Y. H. Gao, F. M. Yang, 

F. R. de Boer 

W.-Z. Li, N. Tang, J.-L. Wang, 
Fuming Yang, Y. W. Zeng, J. J. 

Zhu, F. R. de Boer 

Bao-gen Shen, Lin-shu Kong, 
Fang-wei Wang, Lei Cao, Bing 
Liang, Zhao-hua Cheng, Hua-yang 
Gong, Hui-qun Guo, Wen-shan 
Zhan 

Shu-ming Pan, Hong Chen, Den-ke 
Liu, Zu-xiong Xu, Ru-zhang Ma, 
Jl-lian Yang, Bai-sheng Zhang, 
De-yan Xue, Qiang Ni 

W. Y. Hu, J. Z. Zhang, Q. Q. 

Zheng, C. Y. Pan 

Xie Xu, S. A. Shaheen 


S. Liu 


6760 Sputter synthesis of TbCu 7 type Sm(CoFeCuZr) films with controlled easy 
axis orientation 

6763 Metastable Nd 2 (Fe, _ x Co x ) 23 B 3 ( 0 «yr*sl .0) compounds with the 2:23:3-type 
structure 


6766 Magnetic properties of (Nd 0 9 R o t ) 5 Fe 17 with R=Sm, Gd, and Y 


H. Hegde, P. Samarasekara, R. 
Rani, A. Navarathna, K. Tracy, F. J. 
Cadleu 

Bao-gen Shen, Bo Zhang, Fang-wei 
Wang, Jun-xian Zhang, Bing Liang, 
Wen-shan Zhan, Hui-qun Guo, 
Jian-gao Zhao 

Cong-Xiao Liu, Yun-Xi Sun, 
Zun-Xiao Liu, Chin Lin 


(Continued) 



Fang Ruiyi, Fang Qingqing, Zhang 
Sheng, Peng Chubing, Dai 
Daosheng 


67694New permanent magnetic MnBiDy alloy films 


) a. A. 


* : 

Symposium .on Neutron Scattering Studies of Viprtex Structures in Superconductors 

6772 Neutronfscatteringistudies of the vortex lattice in niobium and 91123 
superconductors (invited) - 


N. Rosov, J. W. Lynn, T. 
Grigereit 



6778 Vortex .structures in ;YBa 2 Gu 3 0 7 (invited) 

6784 'Smali-ahgle.neutron scattering study of the flux-line lattice in a single 
crystal of Bi 2-15 Sr 1 &''aCulO a+ x (invited) 


B. Keimer, J:W. Lynn, R. W: Erwin, 
F. Dogan, W. Y. Shih; I. A. Aksay 

M. Yethiraj, H. A. Mook, E. M. 
Forgan, R. Cubitt, M. T. Wylie, 

D. M. Paul, S. L.Lee, J. Ricketts, 

P. H. Kes, K. Mortensen 


6788- Neutron diffraction from the vortex lattice in the heavy fermion 
superconductor UPt 3 (invited) (abstract) 


R. N. Kleiman, G. Aeppli, D. J. 
Bishop, C. Broholm, E. Bucher, N. 
Stuchelli, U. Yaren, K. N. Clausen, 
B, (toward, K. Mortensen, J. S. 
Pedersen 


6789 Small angle neutron scattering from the vortex lattice in 2H-NbSe 2 
(invited) (abstract) 


P. L. Gammel, U. Yaron, D. A. 
Huse, R. N. Kleiman, R. Batlogg, 
C. S. Oglesby, E. Bucher, D. J. 
Bishop, T. E. Mason, K. Mortensen 


Giant Magnetoresistancs in Granular Magnetic Systems 

6790 Giant magnetoresistance in sputtered Cr-Fe heterogeneous alloy films 

6793 Origin of giant magnetoresistance effect In granular thin films 

6796 Evolution of structure and magnetoresistance in granular,Ni(Fe,Co)/Ag 
multilayers: Dependence on magnetic layer thickness 

6799 Magnetoresistance in (Fe-Co)/Ag films , 

6802 Interaction effects and magnetic ordering in GMR alloys 

6805 Magnetic structure of the spin valve interface 


6808 Theory of transport in inhomogeneous systems and application to magnetic 
multilayer systems 

6811 The effect of interactions on GMR in granular solids 

6814 Giant magnetoresistance in spinodally decomposed Cu-Ni-Fe films 

6817 Relaxation of magnetoresistance and magnetization in granular Cu^Co^ 
obtained from rapidly quenched ribbons 

6820 Magnetic and magnetotransport properties of granular Cu^Fe^ prepared 
by mechanical alloying 


6823 Granular giant magnetoresistive materials and their ferromagnetic 
resonances (abstract) 

6824 Magnetoresistance of granular Cu-(Co.Fe) and Cu-Co-B (abstract) 


K. Takanashi, T. Sugawara, K. 
Hono, H. Fujimori 

Atsushi Maeda, Minoru Kume, 
Satoru Oikawa, Kazuhiko Kuroki 

X. Bian, X. Meng, J. 0. 
Strom-Olsen, Z. Altouman, W. B. 
Muir, M. Sutton, R. W. Cochrane 

A. Tsoukatos, D. V. Dimitrov, A. S. 
Murthy, G. C. Hadjipanayis 

S. J. Greaves, M. El-Hilo, K. 
O’Grady, M. Watson 

D. M. C. Nicholson, W. H. Butler, 
X.-G. Zhang, J. M. MacLaren, B. A. 
Gurney, V. S. Speriosu 

W. H. Butler, X.-G. Zhang, D. M. C. 
Nicholson, J. M. MacLaren 

M. El-Hilo, K. O’Grady, R. W. 
Chantrell 

L. H. Chen, S. Jin, T. H. Tiefel, 

T. C. Wu 

P. Allia, C. Beatrice, M. Knobel, P. 
Tiberto, F. Vinai 

Siddharth S. Saxena, Jinke Tang, 
Young-Sook Lee, Charles J. 
O’Connor 

M. Rubinstein, B. N. Das, N. C. 
Koon, D. B. Chrisey, J. Horwitz 

R. v. Helmolt, J. Wecker, K. 
Samwer 


Hard Magnets II 

6825 Evolution of recombination in a solid HDDR processed Nd 14 Fe 79 B 7 alloy N. Martinez, D. G. R. Jones, 0. 

Gutfleisch, D. Lavielle, D. Pere, 
I. R. Harris 
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6828^ 'Effects dfjHDDR ; treatment conditions on magnetic properties of Nd-Fe-B 
anisotropic powders " ' 

6831' 'TKeUrse of pplytetfaflubroethylene in the production of high-density 
bonded Nd^Fb-Bmagriets 

6834 Evidence of domain-wall pinning in W-doped (NdDy)(FeCo)B sintered 
magnets 

6837 Magnetic properties of rare-earth compounds of the RCo^Moa type 


6840 Magnetic hardening by crystallization of amorphous precursors using very 
high heating rates 

6843 Magnetic phase diagramsof YCo 4 B-based components 

6846 A systematic study on stability of flux in Nd-Fe-B magnets consolidated by 
direct joule heating 

6849 Studies of Mossbauer spectrum on Sm 2 (Fe,Ga) 17 C 1i5 alloy 


6851 Low-temperature behavior of thermopower in rare-earth Iron borides 
f? 2 Fe 14 B (fl=Nd, Sm, Gd, Tb, Dy, Ho, Er) 

6853 Effects of field orientation on field uniformity in permanent magnet 
structures 

6856 Lightweight, distortion-free access to interiors of strong magnetic field 
sources 

6859 Laminar construction of spheroidal field sources with distortion-free 
access 

6862 Effect of magnetization profiles on the torque of magnetic coupling 

6865 A magnetic coupling without parasitic force for measuring devices 

6868 Accurate determination of permanent magnet motor parameters by digital 
torque angle measurement 

6871 A three-material passive dl/dt limiter 

6874 An extended magnet in a passive dl/dt limiter 

6877 Effects of additives on magnetic properties of sheet Sr-Ba ferrite magnets 


Spin Waves and Other Excitations 

6880 Critical scattering of electromagnetic waves on spin fluctuations in 
nonsaturated magnetic films under acoustic pump 

6883 Light scattering from spin waves in MnF 2 

6886 Controlling high frequency chaos in circular YIG films 

6889 Study of spin wave resonance in a superconductor with paramagnetic 
impurities 

6892 Two-magnon absorption in Nd 2 Cu0 4 


H. Nakamura; R. Suefuji, S. 
Sugimoto; Mi Okada, M. Homma 

C. Tattam, A. J. Williams, J. N. 

Hay, I. R. Harris, S. F. Tedstone, 

M. M. Ashraf 

T. Y. Chu, T. S. Chin, C. H. Lin, 

J. M. Yao 

D. C. Zeng, N. Tang, T. Zhao, Z. G. 
Zhao, K. H. J. Buschow, F. R. de 
Boer 

C. de Julian, J. M. Gonzalez, C. 
Moron 

Z. G. Zhao, R. de Boer, K. H. J. 
Buschow, Y. P. Ge, J. Y. Wang 

H. Fukunaga, H. Tomita, M. Wada, 
F. Yamashita, T. Toshimura 

Hong Chen; Zu-xiong Xu, Ru-zhang 
Ma, Shu-ming Pan, Bao-gen Shen, 
De-yan Xue, Qiang Ni 

R. P. Pinto, M. E. Braga, M. M. 
Amado, J. B. Sousa, K. H. J. 
Buschow 

J. H. Jensen, M. G. Abele 


H. A. Leupold, E. Potenziani, II, 

A. S. Tilak 

H. A. Leupold, A. S. Tilak, E. 
Potenziani, II 

Der-Ray Huang, Gwo-Ji Chiou, 
Yeong-Der Yao, Shyh-Jler Wang 

Jean-Paul Yonnet, Jerome 
Delamare 

M. A. Rahman, Ping Zhou 

S. J. Young, F. P. Dawson, A. 
Konrad 

S. J. Young, F. P. Dawson, A. 
Konrad 

Young Jei Oh, In Bo Shim, 

Hyung Jin Jung, Jae Yun Park, 
Seung lei Park, Young Rang Urn, 
Young Jong Lee, Seung Wha Lee, 
Chul Sung Kim 


I. E. Dikshtein, R. G. Kryshtal, A. V. 
Medved 

M. G. Cottam, V. P. Gnezdilov, 

H. J. Labbe, D. J. Lockwood 

D. W. Peterman, M. Ye, P. E. 

Wigen 

I. A. Garifullin, Yu. V. Goryunov, 

G. G. Khaliuilin 

V. L. Sobolev, Yu. G. r , ashkevich, 

H. L. Huang, I. M. Vitebskii, V. A. 
Blinkin 
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6895 Sufface;prec^sion .sqlitons: (surface "Magnetic drops”) in. uniaxial 

6895 .;Noniinear;self-!ocalized!Surface spin waves in ferromagnets (abstract) 

6896 Spin wave dispersion in ferromagnetic nickel (abstract) 

6897 Ferromagnetic resonance and Brillouin light scattering from epitaxial 
FexSi^films on Si(U1)'(abstract) 

Hyperflne Field, Mossbauer Effect, and NMR 

6898 Nuclear secondary echo in ferromagnets caused by quadrupole and Suhl- 
Nakamura interactions 

6900 A Mossbauer effect study on the acicular cobalt ferrite particles 

6903 X-ray;photoelectron spectroscopy and Mossbauer study of Ho(Fe 1 _ x Mn x ) 2 
compounds 

6906 Hyperfine fields of mercury in single-crystalline cobalt 

6909 Simulation of nuclear magnetic resonance spin echoes using the Bloch 
equation: influence of magnetic field inhomogeneities 

6912 Correlation of magneto-volume effects and local properties of the 
Fe 2 Ti-laves phase (abstract) 

Symposium on Giant Magnetoresistance In Compounds 

6913 Giant magnetoresistance effects in intermetallic compounds (Invited) 

6919 Giant magnetoresistance related transport properties in multilayers and 
bulk materials (invited) 

6925 Intrinsic giant magnetoresistance of mixed valence La-A-Mn oxide 
(A=Ca,Sr,Ba) (invited) 

6929 Colossal magnetoresistance in La-Ca-Mn-0 ferromagnetic thin films 
(invited) 

6934 Giant magnetoresistance in f-electron systems (invited) (abstract) 

Superconductivity I 

6935 Theory of spin dynamics in the metallic cuprates (invited) 

6941 Hydrostatic pressure on HgBa 2 CaCu 2 0 6+( $ and HgBa 2 Ca 2 Cu 30 8+< 5 

6944 Magnetoconductivity of Bi 2 Sr 2 Ca, _ x Y x Cu 2 0 8 +$ in fluctuation regime 

6947 Straightened voltage effect in high-7 c superconductors 

6950 Long-time magnetic relaxation measurements on a quench melt growth 
YBCO superconductor 

6953 Surface barriers and two-dimensional-collective pinning in single crystal 
Nd 1 . 85 Ceo. 15 Cu 04- 5 superconductors 

6956 On vector generalization of the critical state model for superconducting 
hysteresis 

6959 Proximity effect in MBE-grown superconducting/spin-glass multilayers 


Yurij Bespyatykh, Igor Dikshtein, 
Sergey Nikitov 

Alan Boardman, Yurij Bespyatykh, 
Igor Dikshtein, Sergey Nikitov 

J. M. Rejcek, J. L. Fry, N. G. 
Fazleev 

M. Mendik, Z. Frait, H. von Kanel, 

N. Onda 


V. I. Tsifrinovich 

J. G. Na< D. H. Han, J. G. Zhao, 

H. L. Luo 

Y. J, Tang, Y. B. Feng, H. L. Luo, 

S. M. Pan 

J. G. Marques, J. G. Correia, A. A.. 
Melo, J. C. Soares, E. Alves, M. F. 
da Silva 

J, A, Nyenhuis, 0. P. Yee 
J. Pelloth, R. A. Brand, W. Keune 


V. Sechovsky, L. Havela, K. 

Prokes, H. Nakotte, F. R. de Boer, 
E. Bruck 

H. Sato, H. Henmi, Y. Kobayashi, 

Y. Aoki, H. Yamamoto, T. Shlnjo, V. 
Sechovsky 

R. von Helmolt, J. Wecker, K. 
Samwer, L. Haupt, K. Barner 

S. Jin, M. McCormack, T. H. Tiefel, 
R. Ramesh 

Tadao Kasuya, Takashl Suzuki 


Qimiao Si, Yuyao Zha, K. Levin 

F. Chen, L. Gao, R. L. Meng, Y. Y. 
Xue, C. W. Chu 

C. P. Dhard, S. N. Bhatia, 

P. V. P. S. S. Sastry, J. V. Yakhmi, 
A. K. Nlgam 

A. Grishin, J. Niska, B. Loberg, H. 
Weber 

L. H. Bennett, L. J. Swartzendruber, 

M. J. Turchinskaya, J. E. Blendell, 
J. M. Habib, H. M. Seyoum 

F. Zuo, S. Khizroev, Xiuguang 
Jiang, J. L. Peng, R. L. Greene 

I. D. Mayergoyz 

Carlos W. Wilks, Brad N. Engel, 
Charles M. Falco 
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6962 Heterodyne microwave mixing in a superconducting YBa 2 Cu 3 0 7 _ x 

coplanar waveguide circuit containing a single engineered grain boundary 
junction , 

6965 Superconducting .YBaaQuaO^^BasOg multilayers: Field independent 
critical-current and dimensional crossover (abstract) 

6965 Schematic-frictional model for interacting vortices in an isotropic 
superconducting plate (abstract) 

Magnetic Multilayer Coupling II 

6966: Spin-polarized photoemission from quantum well and interface states 
(invited) 

6972 Recent progress in the theory of interlayer exchange coupling (invited) 

6977 Exchange anisotropy in films, and the problem of inverted hysteresis 
loops 

6980 Ruderman-Kittel-Kasuya-Yosida polarizations in Inhomogeneous media 

6983 Spin reversal in Co/Au(111)/Co trilayers 

6986 Effect of coupling on magnetic properties of uniaxial anisotropy NIFeCo/ 
TaN/NIFeCo sandwich thin films 

6989 Antiferromagnetic versus ferromagnetic coupling in Fe/Cr(107) and Cr/ 
Fe(107) 


6992 Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100) (invited) 
(abstract) 

6993 Exchange magnetic coupling through nonmagnetic Insulator spacers 
(abstract) 

Magnetostriction I 

6994 Fabrication of magnetostrictive actuators using rare-earth (Tb.Sm)-Fe thin 
films (invited) 

7000 Preparation and applications of magnetostrictive thin films 


R. G. Seed, C. Vittoria, A. Widom 


Jun-Hao Xu, A. M. Grishin, K. V. 
Rao 

J. S. Kouvel, S. J. Park 


C. Carbone, E. Vescovo, R. 
Klasges, W. Eberhardt, 0. Rader, 
W. Gudat 

P. Bruno 
Amikam Aharoni 


W. Baitensperger, J. S. Helman 

V. Grolier, J. Ferre, M. Galtier, M. 
Mulloy 

T. Yeh, L. Berg, B. Witcraft, J. 
Falenschek, J, Yue 

A. Vega, H. Dreysse, C. 
Demangeat, A. Clioualri, L. C. 
Baibas 

Joseph A. Stroscio, D. T. Pierce, J. 
Unguris, R. J. Celotta 

Shufeng Zhang 


T. Honda, K. I. Aral, M. Yamaguchl 
E. Quandt, B. Gerlach, K. Seemann 


7003 Magnetostriction In TbDyFe thin films 

7006 Application of the ratio dl\ to the investigation of magnetization processes 
in glant-magnetostrictive materials 

7009 Magnetization, Young's moduli, and magnetostriction of rare-earth-iron 
eutectic alloys with R=Tb 0 . e Dy 0 ,4 

7012 Theory of magnetostriction with application to Terfenol-D 


P. J. Grundy, D. G. Lord, P. I. 
Williams 

A. R. Piercy, S. C. Busbridge, D. 
Kendall 

A. E. Clark, M. Wun-Fogle, J. P. 
Teter, J. B. Restorff, S. F. Cheng 

R. D. James, D. Kinderlehrer 


7015 Recent developments in modeling of the stress derivative of magnetization D. C. Jiles, M. K. Devine 
in ferromagnetic materials 

7018 Magnetization and magnetostriction curves from micromagnetics Antonio DeSimone 


7021 Magnetostriction of melt-spun Dy-Fe-B alloys 

7024 Magnetic properties and magnetostriction in grain-oriented 
(TbxDy, _ x )(Fe, _ y Mn y ) 195 compounds 

7027 Stress effect on the magnetization of Dy in the Dy/DyFe 2 eutectic 

7030 Direct measurements of magnetostrictive process in amorphous wires 
using a scanning tunneling microscope (abstract) 

7031 Tunable bistability from magnetostriction (abstract) 


S. H. Urn, T. H. Noh, I. K. Kang, 
S. R. Kim, S. R. Lee 

.. Kobayashi, I. Sasaki, T. 
Funayama, M. Sahashi 

J. P. Teter, S. F. Cheng, J. R. 
Cullen 

J. L. Costa, J. Nogues, K. V. Rao 


A. S. Arrott, J.-G. Lee 
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Itinerant Magnetism and.Electronlc Structure li 

7032 Influence 6f Stdnefrtype excitations on the formation of magnetization and 
V .nni^^c.or^ : *inrdi8dMhdei^.nte^dHm#tsdk4d-'alldy8‘ • 

7034 Magnetic susceptibility studies in Gd 2 Gu0 4 below 300 K 


7037 Cluster.model studies on:the electronic and magnetic properties of 
LaCo 13 and:La(Fe x AI 1 _ x ) 13 :ailoys 

7040 Structure, transport and thermal properties of UCoGa 


7043 The effect of Mn on the magnetic properties of YFe 2 

7046 Effects of Al substitution inNd 2 Fe 17 studied by first-principles calculations 


A. K. Arzhnikov, L. V. Dobysheva, 
E. P. Yelsukov 

J. Mira, J. Castro, J. Rivas, D. 
Baldomir, C. Vazquez-Vazquez, J; 
Mahia, A. Lopez-Quintela, D. 
Fiorani, R. Caciuffo, D. Rinaldi, T. 
Jones, S.-B, Oseroff : 

G..W. Zhang, X. G. Gong, Q. Q. 
Zheng, J. G. Zhao 

A. Purwanto, R. A. Robinson, K. 
Prokes, H.fNakotte, F. R. de Boer, 
L. Havela, V. Sechovsky, N. C. 
Tuan, Y. Kergadallan, J. C. Spirlet, 
J. Rebizant 

Jlan-Wang Cai, Yuan-Bing Feng, 
He-Lle Luo, Zhi Zeng, Qing-Qi 
Zheng 

Ming-Zhu Huang, W. Y. Ching 


7049 Magnetic and crystallographic order In o-manganese A. C. Lawson, Allen C. Larson, 

M. C. Aronson, S. Johnson, Z. 
Fisk, P. C. Canfield, J. D. 
Thompson, R. B. Von Dreele 

7052 Magnetic field dependence of T c of EuB s (abstract) A. Lacerda, T. Graf, J. L. Sarrao, 

M. F. Hundley, D. Mandrus, J. D. 
Thompson, Z. Fisk 


Nanocompoaite Magnets 

7053 Two- and three-dimensional calculation of remanence enhancement of 
rare-earth based composite magnets (invited) 

7059 Aligned two-phase magnets: Permanent magnetism of the future? 
(invited) 

7065 Nanocomposite R 2 Fe 14 B/Fe exchange coupled magnets 

7068 Influence of nitrogen content on coerclvity in remanence-enhanced 
mechanically alloyed Sm-Fe-N 

7071 Coerclvity of Tl-modified (a-Fe)-Nd 2 Fe 14 B nanocrystalline alloys 


T. Schrefl, R. Fischer, J. Fidler, H. 
Kronmuller 

R. Skomski 


L. Withanawasam, A. S. Murphy, 
G. C. Hadjipanayis, R. F. Krause 

K. O’Donnell, C. Kuhrt, J. M. D. 
Coey 

J. M. Yao, T. S. Chin, S. K. Chen 


7074 Magnetization processes in remanence enhanced materials (invited) 
(abstract) 


R. Street, P. Allen, J. Ding, E. 
Feutrill, L. Folks, P. A. I. Smith, 
R. C. Woodward 


Magnetic Multilayer Coupling III 
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High field magnetization measurements of Sm 2 Fe 17 , Sm 2 Fe 17 C x , 
and Sm 2 Fe 17 G x H 5 _ x 

O. Isnard and S. Miraglia 
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The magnetic properties of ferromagnetic compounds of Sm 2 Fe 17 , Sm 2 Fei 7 Co 6 , and 
Sm 2 Fe >7 C 06 H 44 were investigated, Sm 2 Fe 17 nitrides, carbides, and carbohydrides are suitable for 
making high performance permanent magnets. The high field magnetization measurements 
performed up to 200 kOe in continuous fields are reported. In this article, the isothermal 
magnetization curves measured between 2 and 300 K on powder samples embedded in a resin and 
then aligned under a magnetic field of about 10 kOe in order to get oriented samples are presented. 
The magnetic anisotropy constants K { and K 2 are determined taking into account the angular 
distribution of the grains axis. The results are discussed in light of previously reported data and then 
the effects of C or H on the Sm contribution to the anisotropy is compared to that of N. It is shown 
that carbon and hydrogen have opposite influence on the Sm anisotropy and it is suggested that a 
wide range of magnetic anisotropy can be obtained depending on the H and C content. The influence 
of both interstitial elements H and C on magnetic features such as the Curie temperature and the 
saturation magnetization is analyzed. 


The search for new hard permanent magnet materials has 
recently concentrated on the ternary carbides and nitrides 
R 2 Fe 17 C* and R 2 Fe 17 Nj.. The crystallographic and magnetic 
properties of the R 2 Fe 17 compounds have been known for 
many years 1-3 and in a recent article we have reported in 
detail on the magnetic properties 4 of Sm 2 Fe 17 N 3 , 
Sm 2 Fe 17 D 5 , and Pr 2 Fei 7 N 3 . Following our previous high 
field magnetization, we will concentrate in this article on the 
properties of Sm 2 Fe n C x and Sm 2 Fe) 7 C*H 5 compounds. 

Samples of Sm 2 Fe 17 were prepared by induction melting 
in cold crucible under argon atmosphere, whereas 
Sm 2 Fe 17 Co 6 has been obtained by arc furnace. The samples 
were finind to be mainly single phase with small traces of 
iron in ‘he case of Sm 2 Fe 17 C i . The x-ray patterns of the 
rhombohedral compounds were indexed using the hexagonal 
multiple cell. Hydrogenation was performed in a stainless 
steel autoclave under hydrogen gas pressure of about 5 MPa 
leading to a stable hydride. The hydrogen uptake was deter¬ 
mined by gravimetric methods and confirmed by volumetric 
estimation. The accuracy of the hydrogen concentration can 
be evaluated to about 0.1 hydrogen atom per formula unit; 
The Curie temperature was determined using Faraday-type 
torque balance. 

Magnetic measurements were performed using an auto¬ 
matic system provided with a cryostat associated to a calo¬ 
rimeter which has been described in detail elsewhere. 5 The 
magnetization experiments were carried out in a continuous 


field up to 200 kOe produced by a water-cooled Bitter mag¬ 
net. No single crystals were available due to the decrepita¬ 
tion process which is known to occur when hydrogen is in¬ 
serted in R 2 Fe J7 compounds. 6,7 All the samples were sieved 
down to a particle size smaller than 25 pm. Then the powder 
was mixed with epoxy resin and subsequently aligned at 
room temperature using an orientation field of typically 10 
kOe. 

The crystal structure of the Sm 2 Fe 17 alloys is well estab¬ 
lished; its crystal symmetry is R-3m whose lattice param¬ 
eters are reported in Table 1. De Mooij and Buschow 8 as well 
as Gueramian and co-workers 9,10 have shown that R 2 Fe 17 C c 
phases can be obtained from a R 2 Fe 14 C series depending 
upon the heat treatment. R 2 Fe )7 carbides correspond to the 
high temperature phase and R 2 Fe 14 C correspond to the low 
temperature phases. Helmholdt etal. n have shown using 


TABLE I. Structural data and Curie temperature of Sm 2 Fe 17 Xy compounds 
(X=H, C, N). 



T C (K) 

a (A) 

c (A) 

K(A 5 ' 

da 

SmjFen 

385 

8.554 

12.443 

788 

1.4426 

Sm 2 Fej 7 H5 

565 

8.682 

12.550 

819 

1.4455 

Sm 7 Fe, 7 N* 

755 

8.744 

12.658 

838 

1.4476 

Sm 2 Fe 17 Cr, 6 

485 

8.608 

12.463 

780 

1.4478 

Sm 2 Fe 17 Q 6 H 44 

583 

8.699 

12.565 

832 

1.4444 
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FIG. 1. R 2 Fe 17 crystal structure; large and small circles refer to rare earth 
and iron, respectively. Octahedral and tetrahedral sites are labeled 1 and 2, 
respectively. 


neutron diffraction experiments that carbon atoms are ac¬ 
commodated within the crystal lattice on an interstitial site 
called 6c. This site can be seen as a pseudooctahedral site 
with two rare-earth and four iron atoms at the comers. The 
exclusive occupancy of this 6c site has been confirmed by a 
more recent work. 8 

The large difference in radii between iron and rare-earth 
atoms leads to large interstitial sites which are often used in 
rare-earth iron intermetallic compounds to insert hydrogen. 
Since hydrogen is significantly smaller than C or N, it does 
not only go to the octahedral site but also into some tetrahe¬ 
dral sites represented in Fig. 1. The location of hydrogen or 
deuterium in the R 2 Fe n lattice has been shown by neutron 
diffraction 12,13 and is discussed in detail elsewhere, All these 
atoms are located in the neighborhood of the rare-earth at¬ 
oms, their influence on the crystal electric field by acting on 
the rare-earth site is expected to be important. This has been 
confirmed frequently for N (Refs. 4,14-17) and sometimes 
for C. iy 'he influence of hydrogen on the magnetic features 
of the . ^Fe n compounds has attracted less attention till 
now 19,20 but a recent study 4 has shown that the influence of 


hydrogen on the rare-earth anisotropy is opposite to that of 
nitrogen. Here we study Sm 2 Fe 17 C c and Sm 2 Fe 17 C x H s _ x in 
order to compare the influence of C to that of N and H. 

" Insertion of H in a R 2 Fe 17 carbide is expected to occur in the 
two interstitial sites: (i) the remaining octahedral site not 
occupied by C atoms, (ii) the tetrahedral site. 21 These as¬ 
sumptions have been recently confirmed for Th 2 Fe 17 C J£ H ) , 21 
and R 2 Fe 17 C c H ) , (R=Ce,Nd,Ho,...). 22 No neutron diffraction 
determination is possible on such phases due to the high 
absorption cross section of Sm for thermal neutrons, 23 nev¬ 
ertheless Sm compounds are expected to behave as others 
R 2 Fe 17 compounds do. 

Insertion of light elements (H, C, or N) in Sm 2 Fe 17 al¬ 
loys induces a significant lattice expansion. It is worth noting 
that even for the largest interstitial element, C or N, the sym¬ 
metry of the host alloy is retained in the interstitial contain¬ 
ing compound, no change of structure is observed in Sm 
compounds. It is not always the case since R 2 Fe 17 (R=Er, 
Tb, Ho, or even Y) alloys which are known to crystallize in 
P6 3 lmmc symmetry are observed to retain their rhombohe- 
dral structure for high carbon content. 24,25 As expressed by 
Table I, the lattice parameters of the nitrided compounds are 
larger than that of other interstitial compounds. Whatever the 
interstitial element used, the increase of the lattice occurs 
mainly in the basal plain (a,b) of the hexagonal cell, the 
expansion along the c axis being less pronounced. The vol¬ 
ume expansion per interstitial atom deduced from Table I is 
in close agreement with previous results 21 obtained on 
Th 2 Fe 17 compounds. Insertion of hydrogen induces an ex¬ 
pansion of about 2.3 A 3 /atom which is about one-third of that 
induced by carbon or nitrogen. 

Results reported in Table II show that whatever the in¬ 
terstitial element used the saturation magnetization of the 
ternaries are significantly higher than that of the Sm 2 Fe 17 
compound. In spite of a higher content in interstitial atoms, 
the hydride or carbohydride compounds exhibit a lower mag¬ 
netization than Sm 2 Fe 17 Nj. 

Studying several Sn^FenC* compounds with different 
carbon contents Grossinger et a/. 18 have shown that for con¬ 
centrations higher than x=0.5 the magnetic anisotropy is 
uniaxial. The magnetization curves measured for 
Sm 2 Fei 7 Co, 6 (Fig. 2) reveal a positive value of at 4.2 K 
thus confirming the measurements of Grossinger et al. 18 and 
Ding et al. 26 It is known that the iron sublattice anisotropy in 
R 2 Fe 17 C x compounds remains planar whatever the iron 
content; 27 the uniaxial character of the Sm 2 Fe 17 Co 6 com- 


TABLEII. Saturation magnetization and anisotropy constants measured for the Sm 2 Fe 17 X, compounds (X=H, 
C. N) at both 4.2 and 300 K. 




4.2 K 



300 K 


M s 

(tislfu) 

K, 

(MJ/..1 3 ) 

K, 

(MJ/m } ) 

M, 

W/«) 

(MJ/m 3 ) 

*2, 

(MJ/m 3 ) 

Sm 2 Fe 17 

29.9 

-3.0+0.4 

1X 2 |<0.1 

26.3 

-1.75+0.3 

[K 2 |<0.05 

Sm 2 Fe 17 H 5 

34.9 

-3.8+0.25 

0.55+0.3 

31.5 

-2.80+0.2 

0.55+0.2 

Sm 2 Fe 17 N 3 

40.5 

10.8+0.4 

-4.1+0.4 

37.8 

10.4+0.4 

-5+1 

Sm 2 Fe 17 Co 6 

33.7 

2.0±0.25 

-0.2+0.2 

29.4 

1.25+0.20 

-0.4 ±0.2 

Sm 2 Fe 17 C 06 H 4 4 

35.1 

-2.0+0.3 

-0.1+0.02 

32.2 

-2,0±0.25 

0.07+0.0 
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FIG. 2. Magnetization curves of Sm 2 Fe 17 Co 6 at 4.2 and 300 K. Inset: IIH 2 
extrapolation. 


FIG. 3. Magnetization curves of Sm^FcnQ, 6 H 44 at 4.2 and 300 K. Inset: 
1 IH 1 extrapolation. 


pound is thus due to the contribution of Sm which over¬ 
comes that of the Fe sublattice. The insertion of only 0.6 
carbon per formula unit is enough to change the sign of the 
Sm anisotropy from easy plane in Sm 2 Fe 17 to easy axis in 
Sm 2 Fe 17 Co 6 . The anisotropy of the rare-earth sublattice is in 
this structure very sensitive to the interstitial concentration. 
The measurements performed on Sm 2 Fe, 7 C 0 6 H 4 4 show that 
addition of hydrogen within the crystal structure le’.ds to a 
huge effect on the magnetocrystalline anisotropy since our 
measurements reveal a change of the sign of the low order 
parameter K x which became negative in Sm 2 Fei 7 Co 6 H 4 4 
(Fig. 3). This result is in good agreement with previous ex¬ 
periments on Sm 2 Fe 17 H 5 compounds. Nitrogen or carbon in¬ 
sertion have opposite effects. 1S5 Gd Mossbauer 28,29,19 studies 
have shown that the major effect of the interstitial elements 
is to modify the quadrupolar interaction on the rare-earth 
site. The modification of the R contribution to the magnetic 
anisotropy is thus due to the change of the CEF acting on the 
rare-earth site. It is worth noting that Sm 2 Fe 17 C 06 H 4 4 exhib¬ 
its higher K x values than Sm 2 Fe 17 H 5 confirming that the role 
played by carbon on the Sm magnetic anisotropy is opposite 
to that of hydrogen. It is thus interesting to notice that de¬ 
pending on the H and C concentration, a large range of the 
anisotropy field should be accessible in the Sm 2 Fe 17 C x H y 
system. 
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X-ray structural studies of nitrogen diffusion in Dy 2 Fe 17 

Er. Girt, Z. Aitounian, X. Chen, Ming Mao, D. H. Ryan, M. Sutton, and J. M. Cadogan a) 

Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University 
Street, Montreal, Quebec, Canada H3A 2T8 

The reaction between N 2 and Dy 2 Fe 17 has been studied by thermopiezic analysis on 20-25 pm sized 
powders in the temperature range 400-500 °C. Partially nitrided powders were analyzed using 
CuK a x-ray diffraction and thermomagnetic techniques. Both high angle x-ray and thermomagnetic 
data show only the presence of Dy 2 Fe n and Dy 2 Fe 17 N 3 _ 5 (<5<0.3) with no evidence of intermediate 
compositions. The results of the x-ray diffraction experiments at several Bragg peaks were 
simulated using a two phase model structure: a Dy 2 Fe 17 core with a Dy 2 Fe 17 N 3 surface layer. The 
results show that at low temperatures the nitride layer is too thin to account for all of the nitrogen 
absorbed by the sample, indicating that a significant amount of the nitrogen diffused into the core 
of the particles, presumably along grain boundaries. 


During a gas-solid reaction, nitrogen diffuses into 
R 2 Fe 17 (R=rare earth), occupying interstitial sites and ex¬ 
panding the lattice without changing the crystal structure. 
The enhancement of the magnetic properties was observed 1 
as a result of interstitial nitrogen diffusion in R 2 Fe 17 . Neu¬ 
tron powder diffraction 2 showed that the R 2 Fe 17 and 
R 2 Fe 17 N 3 phases are in equilibrium during the reaction. 
However, it was observed 3,4 that a continuous solid solution 
R 2 Fe 17 N x (0<*<3) is formed on annealing partially ni¬ 
trided powders. In this study we use x-ray diffraction and 
thermomagnetic techniques to characterize nitrogen diffusion 
in the 2-17 structure. Nitrogen diffusion in the 2-17 structure 
typically occurs above 350 °C, and significant diffusion 
through extended defects such as grain boundaries at 400 °C 
has been observed using metallography. 5 

The polycrystalline Dy 2 Fe l7 alloy was prepared by in¬ 
duction melting of appropriate amounts of Dy and Fe, fol- 
lowrd by vacuum annealing at 1173 K for two weeks. Induc¬ 
tion melting ensures homogeneity of alloys and mass loss 
was below 0.03% during preparation. The homogenized in¬ 
got was ground and sieved to select powder sizes between 20 
and 25 pm. The powder size was confirmed by scanning 
electron microscopy. Nitrogen diffusion was performed in a 
thermopiezic analyzer (TPA) at a starting pressure of 1 bar 
and temperatures ranging from 400 °C (590 min) to 500 °C 
(25 min) to obtain Dy 2 Fei 7 N 085 . The amount of nitrogen 
diffused into the sample was obtained directly from the gas 
pressure change in the TPA. Structural analyses on Dy 2 Fe 17 , 
before and after the gas-solid reaction, were carried out us¬ 
ing CuK a radiation on an automated Nicolet-Stoe powder 
diffractometer with a graphite monochromator in the dif¬ 
fracted beam. Thermomagnetic analyses were done using a 
Perkin-Elmer thermogravimetric analyzer (TGA) in a small 
field gradient. 

The x-ray diffraction pattern of Dy 2 Fe 17 N 0 85 is shown in 
Fig. 1. As a consequence of nitriding, a new phase was 
formed with the same structure as Dy 2 Fe 17 but with the 
Bragg peaks shifted towards lower angles indicating an ex¬ 
pansion of the unit cell. This shift is shown more clearly in 


J, On leave from School of Physics, The University of New South Wales, 
Sydney, NSW 2052, Australia. 


Fig. 2, where the (300) peaks of Dy 2 Fei 7 N 0 8J (top) are com¬ 
pared with those (bottom) of pure Dy 2 Fe n (N 0 ) and 
Dy 2 Fe 17 N 3 (N 3 ). Dy 2 Fe 17 N 0 85 clearly contains both 
Dy 2 Fei 7 N 3 and unreacted Dy 2 Fe 17 . The position of the 
Dy 2 Fe 17 peak is shifted towards lower angles, due to the 
expansion of the unreacted core, while that of Dy 2 Fe, 7 N 3 is 
shifted slightly towards higher angles. Careful examination 
of the (332) Dy 2 Fe 17 and Dy 2 Fe 17 N 3 diffraction peaks (inset 
of Fig. 1), which are well separated, shows no evidence of 
the existence of an intermediate composition phase. Using 
TGA two distinct Curie temperatures, r cl = 128°C and 
T c2 -445 °C are detected as shown in Fig. 3. T ci is 28 °C 
higher than the Curie temperature of Dy 2 Fe 17 and Ta is5°C 
lower than the Curie temperature of Dy 2 Fe 17 N 3 . The x-ray 
and the TGA data are thus in agreement, as T c changes with 
the lattice expansion of Dy 2 Fe 17 . Even if the observed ex¬ 
perimental data only show the existence of Dy 2 Fe 17 and 
Dy 2 Fe 17 N 3 , they are not at equilibrium at 500 °C. After sub¬ 
sequent annealing for 60 h at 480 °C, a uniform Dy 2 Fe 17 N 0 85 
solid solution was obtained. Further work is in progress to 
study this equilibrium phase. Because Dy 2 Fe 17 N 3 and 
Dy 2 Fe t7 are not in equilibrium, we tried to estimate the 
amount of the undetected intermediate phase (in the interface 
between Dy 2 Fe 17 N 3 and Dy 2 Fe 17 ) by comparing the x-ray 
patterns of crushed Dy 2 Fe 17 N 0 85 , shown in Fig. 2(b), with 



FIG. 1. The x-ray diffraction pattern of Dy 2 Fe )7 N 08J for nitrogen diffused at 
500 °C for approximately 25 min. Inset: (332) peak of Dy 2 Fe 17 N 0S} . 
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FIG. 2. (a) The (300) diffraction peak of Dy 2 Fei 7 N 0 gj (powder sizes be¬ 
tween 20 and 25 /un). (b) The diffraction peak of the subsequently crushed 
Dy 2 Fe 17 N 083 . .(c) The (300) peak of a mixture of pure Dy 2 Fe 17 and 
Dy 2 Fe )7 N 3 powders in the ratio 1:1. 

those (bottom of Fig. 2) of pure Dy 2 Fe 17 (N 0 ) and Dy 2 Fe 17 N 3 
(N 3 ). Note that for the crushed Dy 2 Fe 17 N 085 powder the 
x-ray peaks are mostly relaxed to the unshifted positions. 
Fitting shows that the possible amount of the intermediate 
phase is much lower than the amount of the Dy 2 Fe 17 N 3 
phase. 

Nitrogen distribution can be estimated from the ratio of 
the intensities of the diffraction peaks by using a simple 
model where the core is nitrogen-free and the surface layer is 
fully nitrided as shown schematically in Fig. 4. Estimating 
the volume fractions is complicated because the Dy 2 Fe l7 N 3 
phase coats the Dy 2 Fe 17 phase and so attenuates the x-ray 
scattering. In a multilayered system the intensity of the re¬ 
flected beam from the ith layer can be expressed as 

/(= I 0 e “ /,in tf) J*' e ~ 2xm ‘ /sin 9 dxj dS, (1) 

where / 0 and 6 are the intensity and angle of the incident 
beam, d t and /z, are the thickness and absorption coefficient 
of the ith layer, respectively, and S is the surface area illumi- 



FIG. 3. Thermogravitometric analyses of Dy 2 Fe 17 N og3 . Tci correspond to 
the Curie temperature of the Dy 2 Fei 7 and T c2 to Curie temperature of the 
Dy 2 Fe 17 N 3 phase. 


h 1 



FIG. 4. Two layer model structure used to calculate x-ray diffraction pat¬ 
terns. 


nated by the beam. The term comes from 

the attenuation of the x-ray beam from the top (/-1) layers. 
For the two layer model, the intensity ratio becomes 

/t// 2 =(M 2 //4 t )(e 2< W sinfl -l), (2) 

where we have neglected the term e~ 2d2M2/sm 6 as d 2 «=20 
pm and /z^ 1.577 /zm -1 . 

The relative intensities (/j ,/ 2 ) were estimated by a si¬ 
multaneous fitting of the measured (112), (300), and (203) 
Bragg peaks to Eq. (1) where each Bragg peak is a combi¬ 
nation of two Gaussians with position p, and width w, (i 
= 1,2), representing the contributions from Dy 2 Fe 17 N 3 and 
Dy 2 Fe 17 . The widths, w, and w 2 , are adjusted during the 
fitting. We note that this model assumes that the nitrogen 
diffuses uniformly through the bulk of the material. Figure 5 
shows the CuK„ x-ray diffraction patterns of Dy 2 Fe 17 N 0 . 8 5 
samples nitrided at 500 °C. The solid lines in Fig. 5 are the 
fits to the experimental data and the dotted lines are the con¬ 
tributions of Dy 2 Fe 17 and Dy 2 Fe 17 N 3 calculated from the 
model. Assuming that the average particle has a rectangular 
shape with the dimensions 20X15X10 /zn 3 (this particle 
shape is an approximate representation deduced from scan¬ 
ning electron microscope photographs) we obtain, using the 
calculated thicknesses of the layers, that for nitrogen diffu¬ 
sion at 500 °C approximately 90% of the nitrogen can be 
accounted for by the intensity of the fully nitrided peak. This 
shows that almost the entire amount of nitrogen is in the 
surface layer (the penetration of the CuK„ in Dy 2 Fe 17 is re¬ 
stricted to approximately 1-2 /zm). To observe the nitrogen 



FIG. 5. Simultaneous fitting of (112), (300), and (023) peaks using a two 
layer model structure. The solid lines are contributions of Dy 2 Fe 17 and 
Dy 2 Fe, 7 N 3 calculated from the model. 
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FIG. 6. Effect of reaction temperature on the apparent Dy 2 Fe 17 N 3 layer 
thickness derived from fits to the x-ray diffraction patterns. All samples have 
the same nominal nitrogen content. 


distribution at different temperatures we introduced the same 
amount of nitrogen (a bulk average of 0.85 atoms per unit 
formula) to 20-25 pan sized powders at temperatures be¬ 
tween 400 and 500 °C. 

The values for the thicknesses of the nitrided layer ver¬ 
sus the nitriding temperature is shown in Fig. 6. Despite the 
fact that all of the nitrided samples have the same nominal 
composition, the Dy 2 Fe n N 3 surface layer is clearly thinner 
in the samples prepared at lower temperatures. In the absence 
of any evidence for the formation of an intermediate compo¬ 


sition nitride phase, we attribute the apparent nitrogen deficit 
to the formation of the nitride phase at depths within the 
particles beyond the penetration range of the CuK a radiation 
(*“1 /Am). For this to happen, the nitrogen must find more 
rapid diffusion paths than bulk diffusion allows, presumably 
along extended defects such as grain boundaries. Above 
480 °C, the two layer model accounts for over 90% of the 
absorbed nitrogen, and we conclude that for these tempera¬ 
tures nitrogen transport is dominated by bulk diffusion. 

In conclusion, using x-ray diffraction and a thermomag- 
netic technique only Dy 2 Fe 17 and Dy 2 Fe 17 N 3 phases were 
observed. The thickness of the nitrogen layer was obtained 
by fitting x-ray diffraction peaks with a two phase model 
structure: a Dy 2 Fe 17 N 3 surface layer and a Dy 2 Fe 17 core. Sig¬ 
nificant nitrogen diffusion through extended defects such as 
grain boundaries was observed at temperatures below 
480 °C. 
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Atomic diffusion mechanism and diffusivity of nitrogen into Sm 2 Fe 17 

Chris N. Christodoulou and Norikazu Komada 
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Omiya, Saitama 330, Japan 

An atomic diffusion mechanism (voidal diffusion) is proposed where nitrogen atoms migrate inside 
the Sm 2 Fei 7 lattice by jumping from a 9(e) site into a thermodynamically unstable tetrahedral 
18(g) site and subsequently into a new 9(e) site. For the first time, the anisotropic nature of 
diffusion and growth kinetics together with direct observation of the diffusion fields by Bitter 
domain patterns have been taken into account and employed for nitrogen diffusivity measurements. 

The planar and axial preexponential factors were found to be £> OA .= 0.72X 10 -6 m 2 s -1 and 
£> 0 2=2.26 X10~ 6 m 2 respectively. The activation enthalpy, AH, for diffusion was found to be 
143 kJ/mol. 


I. INTRODUCTION 

The metastable Sm 2 Fe I7 N 3 compound is an attractive 
material for permanent magnets. 1 It can be prepared by direct 
reaction of Sm 2 Fei 7 particles with N 2 gas. The reaction in¬ 
volves a slow diffusion of N atoms from the surface to the 
center of the particles. In order to improve the observed low 
diffusivity it is important to understand the atomic diffusion 
mechanism operating in this particular case. Such a mecha¬ 
nism has been proposed recently by Christodoulou and 
Takeshita 2 and Christodoulou and Komada. 3 The present ar¬ 
ticle represents a study of the anisotropic diffusion and ex¬ 
perimental results supporting the proposed atomic diffusion 
mechanism presented. The planar (D ox ) and axial (D oz ) 
preexponential factors and activation enthalpy (AH) of the 
nitrogen diffusivity into Sm 2 Fe l7 are also reported. 

II. EXPERIMENT 

Clean Sm 2 Fe 17 particles were prepared by applying the 
interstitial hydrogen absorption desorption process on large 
pieces of a Sm 2 Fei 7 homogenized alloy. 1 Most of the par¬ 
ticles were single grains and only those with particle size of 
larger than 100 pm were used for the diffusion experiments. 
The diffusion experiments were performed at temperatures 
of 400 and 425 °C for 20, 50, and 100 h and at 450 and 
475 °C for 5,10, 20, and 50 h. The pressure was monitored 
to be constant at 1 atm. Each experiment (temperature-time 
combination) was conducted twice. The Sm 2 Fe n N x phase 
was identified by Bitter domain patterns (colloidal solution 
of magnetite) formed on polished particles which were pre¬ 
aligned in a magnetic field. The thickness of *he domain 
patterns were measured and averaged for at least 20 particles 
obtained in each run. Phase analysis was also performed by 
x-ray diffraction (CuK a ) and by therraoraagnetic analysis 
(TMA). 

III. THE ATOMIC DIFFUSION MECHANISM 

A detailed description of the mechanism can be found in 
Refs. 2 and 3. Nitrogen atoms can migrate by jumping from 
a 9(e) site into a thermodynamically unstable tetrahedral 
18(g) site and subsequently into a new 9(e) site (Fig. 1). In 
such a migration path, nitrogen atoms have to encounter an 
enormous energy barrier accounting for the energy needed to 


overcome the strong bonding from its nearest neighbors (Fe 
and especially the Sm atoms) and more importantly for the 
strain energy needed to break through of the octahedral face 
[Fe(/)-Sm(c)-Fe(/i)] and in through the tetrahedral face 
[Fe(/i)-Sm(c)-Fe(/t)]. Although the 18(g) sites cannot ac¬ 
commodate any nitrogen atom in an equilibrium fashion, 4 
their presence plays a key role for the diffusion of the nitro¬ 
gen atoms. The temperature dependence of the diffusivity 
can be written 3 as D xx =D ox exp(- AH/RT) along the pla¬ 
nar a axes and D ZZ =D 0Z exp(- AH/RT) along the c axis, 
where T is the absolute temperature and R is the gas constant 
(8.314 J mol -1 K _1 ). Also, it can be shown 3 that the aniso¬ 
tropic ratio of D xx /D zz is equal to f(a/c) 2 , where a and c 
are the lattice parameters of Sm 2 Fe, 7 . By substituting 
a=8.549 A and c = 12.441 A, D xx /D zz takes the value of 
0.3. In the case where the diffusing atoms (like hydrogen) are 
allowed to move inside the 18(g) “circular tunnel” (Fig. 1), 
the anisotropic ratio of D XX ID ZZ can be as large as j(a/c) 2 
or 1.07 (essentially isotropic). 

IV. THE KINETICS OF Sm 2 Fe 17 N 3 GROWTH 

The solution of the diffusion equation for the nitrogen 
concentration, C(x), inside the diffusion layer in the case of 
large particles (almost flat surface) and short times (no over¬ 
lapping of diffusion fields) can be approximated with that in 
a semi-infinite medium (Fig. 2) and is given by 

C(x)-C s erfc[(x-L)/2\J(Dt)], (1) 

where C s is the constant surface and growing phase 
(Sm 2 Fe 17 N 3 ) concentration (Ref. 5), L is the thickness this 
phase (Sm 2 Fe I7 N 3 ), D is nitrogen diffusivity assumed to be 
constant, t is the time, and x measures from the surface of the 
particle. 

For diffusion controlled growth 



By combining Eqs. (2) and (3) and integrating we get 
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• R-6(c) 

o Fe-18(f) A 3(a) 

© Fe-18(h) □ 3(b) 

» Fe-9(d) • 9(e) 

© Fe-6(c) -18(g) 


FIG. 1. Schematic representation of the hexagonal cell of the Sm 2 Fe 17 
(R3m) structure and the atomic jump network [single solid lines connecting 
the 9(e) with the 18(g) sites] of the nitrogen atoms during voidal diffusion. 
Double solid lines connecting the 18(g) sites represent the “circular tun¬ 
nel" through where hydrogen atoms can be tunneled. The saddle point con¬ 
figurations, SPC1 and SPC2, are marked by “y.” 


L = (2/\fir)\fDt. (4) 

The tangent of the concentration profile at the beginning of 
the diffus ion layer (Fig. 2) defines a diffusion length, D k 
= \frrDt, which represents the effective penetration of nitro¬ 
gen atoms where the magnetocrystalline anisotropy of the 
nitrogen containing Sm 2 Fei 7 is assumed to become axial and 
exhibits a domain structure as observed in the Bitter domain 
patterns. It is to be noted that the nitrogen-free Sm 2 Fei 7 
phase does not form any observable domain patterns. The 
observable thickness of the Bitter domain pattern will be 

d=L+D x = [(2/yfc)+^]Wt- (5) 

The diffusivity at a particular temperature and direction (pla¬ 
nar or axial) will be: 

D-TTd 2 /(2+Tr) 2 t=D 0 exp(-&HIRT), (6) 

where, d is measured along that particular direction. 

V. RESULTS—DISCUSSION 

Typical Bitter domain patterns of nitrogenated Sm 2 Fe 17 
panicles are shown in Fig. 3. Particles with their c axis per¬ 
pendicular to the observation plane exhibit a uniform “maze- 
type” domain pattern around the particle reflecting the 
uniaxial magnetocrystalline anisotropy and the isotropic na¬ 
ture of diffusivity in the c plane. Particles with their c axis on 
the observation plane exhibit a “parallel lines-type” domain 
pattern with deeper penetration reflecting both the uniaxial 



FIG. 2. Growth of Sm 2 Fe 17 N 3 from the surface to the center of a Sm 2 Fe 17 
grain. 


magnetocrystalline and diffusion anisotropy, A typical x-ray 
diffraction (XRD) pattern and a thermomagnetic analysis 
(TMA) trace for particles nitrogenated at 475 °C for 20 h are 
shown in Fig, 4. 

By fitting the data in Table I for planar diffusivity ac¬ 
cording to Eq. (6), the preexponential factor, D ox , and the 
activation enthalpy, A H, were found to be 
(0.72±0.05)X10 -6 m 2 s _1 , and (143±10) kJ mol -1 , respec¬ 
tively (Fig. 5). Applying the same for the axial diffusivity, 
the preexponential factor, D oz , and the activation enthalpy, 
A H, were found to be 1.21X10" 6 m 2 s -1 and 139 kJ mol -1 , 
respectively. According to the proposed model, A H should 
be the same along xy and z axes. The experimentally deter¬ 
mined values of 143 and 139 kJ mol -1 are essentially the 
same as expected from the proposed model. The degree of 
confidence for the data obtained for the planar diffusivity is 
greater than that for the axial diffusivity because the orien¬ 
tation of the particles could be unambiguously confirmed by 
the uniformity of the thickness of the domains formed 
around the particles. In the case of the axial diffusivity small 
misorientations of the particles are very difficult to be de¬ 
tected still revealing “parallel lines-type” of domain pat¬ 
terns. Therefore, the value of A H equal to (143±10) 




FIG. 3. Bitter domain patterns for Sm 2 Fe 17 particles nitrogenated at (a) 
425 °C (50 h), (b) 425 °C (100 h), (c) 475 °C (5 h), and (d) 475 °C (10 h). 
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FIG. 4. X-ray diffraction pattern (a) and therraomagnetic analysis (b) of 
Sm 2 Fe l7 particles nitrogenated at 475 °C for 20 h. They confirm the pres¬ 
ence of SmjFsp and Sm 2 Fe 17 N 3 phases together with the diffusion layer of 
Sm 2 Fe 17 N, (0<x<3). 

kJ mol -1 is considered to be the correct one. Since A H was 
confirmed to be the same along xy and z axes, this restriction 
can be applied in order to obtain a refined value of D oz 
which is very sensitive to A H. Hence, 
D xx! D zz = D OX ID OZ = (d x ld z ) 2 , where d x and d 2 are the 
observed thicknesses of the domain patterns along x and z, 
respectively, at the same temperature and time. From this, the 
preexponential factor, D oz , was found to be (2.26 
±0.15)X1(T 6 m 2 s -1 . The D 0X ID JZ ratio is 0,32±0.04, a 
value which is very close to 0.30 predicted by the atomic 


TABLE I. The planar (d x ) and axial (d,) average thicknesses of the Bitter 
domain patterns for Sra 2 Fe| 7 particles nitrogenated at different temperatures 
and times. 


Time (h) 

d (pm) 

400 °C 

425 °C 

450 °C 

475 °C 

5 

<4= 



2.33 

3.47 


<4= 

... 

... 

4.33 

6.13 

10 

<4= 



3.30 

4.90 


<4= 



6.02 

8.66 

20 

d x = 

1.93 

3.05 

4.67 

6.91 


<4= 

3.65 

5.76 

8.13 

11.85 

50 

<4= 

3.06 

4.82 

7.38 

10.96 


<4= 

5.41 

8.39 

12.66 

18.80 

100 

<4= 

4.32 

6.82 




«4= 

7.64 

11.57 
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FIG. 5. Arrhenius plot of the planar diffusivity (D xx ) vs 1/T. 

diffusion mechanism. This value also suggests that during 
diffusion, nitrogen atoms are not permitted to move inside 
the 18(g) “circular tunnel,” 3 something expected to be oc¬ 
curring in hydrogen diffusion. 

The activation entropy for diffusion, 3 AS, can be esti¬ 
mated to be -0.343/? through D ox =yv exp(AS//?), 
where y= 1.015 X10~ 5 m 2 s -1 , and r»=10 13 s _1 . Such a 
negative activation entropy is attributed to the large increase 
in the vibrational frequencies of the atoms influenced by dif¬ 
fusion. The ratio of the vibrational frequency during diffu¬ 
sion to the initial one, v\lv i0 , can be estimated 3 to be 1.4. 
Such a value is physically reasonable based on the fact that a 
nitrogen atom has to squeeze through and come in close 
contact with the atoms at the two saddle point configurations, 
SPC1 and SPC2 (Fig. 1). 

The high value of the activation enthalpy for diffusion 
(143 kJ mol" 1 ) is indicative of the large energy barrier which 
a nitrogen atom encounters during its migration from one 
9(e) site to another. This value falls within the limits pre¬ 
dicted by Christodoulou and Komada 3 and it mostly accounts 
for the huge strain energy needed for a nitrogen atom to 
break through the two saddle point configurations, SPC1 and 
SPC2. 

It is difficult to compare the values of £> 0 and A H ob¬ 
tained in the present study with others published in the 
literature 6-8 because this is the first time that the anisotropic 
nature of the diffusivity and growth kinetics have been taken 
into account together with direct observation of the diffusion 
fields. Nevertheless, the present values compare favorably to 
the values obtained by Skomski and Coey 8 but are much 
higher than the ones reported in Refs. 6 and 7. 

l C. N. Christodoulou and T. Takeshita, IEEE Trans. Magn. MAG-92-245, 
53 (1992). 
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1993), pp. 293-296. 
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Effect of nitrogen on the properties of hard magnets 
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The enhancement of magnetic properties of RE-TM hard magnet materials, such as RE 2 Fe 17 , upon 
nitriding is studied using the Wigner-Seitz (Voronoi) construct. In analogy with other RE-TM 
nitrides, it is concluded that nitrogen has a strong preference to occupy the octahedral 9e site in the 
2:17 compounds, to the exclusion of the other proposed sites. Additional materials are suggested as 
candidates for nitriding on the basis of the availability of such an octahedral site. The site preference 
and its effect on the magnetism in RE 2 Fe 17 is discussed in relation to the Wigner-Seitz cell of the 
atoms. The magnetic moments on the iron are shown to be correlated with the WS cell volumes, and 
this dependence differs from that associated with aFe. 


Renewed interest in the RE-Fe 2:17 hard magnets 1 has 
arisen because of the enhanced magnetic properties achieved 
by alloying them with nitrogen (or carbon). The addition of 
nitrogen causes an increase in lattice parameters, Curie tem¬ 
perature, sublattice magnetic moment, and anisotropy field. 
It has been observed theoretically 2,3 and experimentally 4,5 
that iron atoms exhibit different moments on different sites in 
RE 2 Fe 17 and its nitride. 

While there is no argument in the literature about these 
changes, and it has been agreed by all authors that nitrogen is 
interstitial (not substitutional), different sites have been sug¬ 
gested by different authors. Pr 2 Fe 17 and the other RI^Fen 
compounds discussed in this work are those having the 
Th 2 Zn t7 structure—space group R3m (Table I). The sites 
suggested for N (or C) in the same space group are 3 a, 6 
9e, 5,7 18/i, 8 and 18g. 9 One of the principal purposes of this 
paper is to address the problem of where in fact the nitrogen 
resides in the nitrided compounds. The choice is quite clear 
if one notes the behavior 10 of ordered TM nitride com¬ 
pounds. 

The Wigner-Seitz (WS) cell construct has previously 
been suggested 11 as a method for studying the relationship of 
crystal structure and properties, especially with regard to 
magnetic properties of hard magnets. WS (or Voronoi) poly- 
hedra furnish a useful measure of the local environment of an 
atom, including a description of the site symmetry of the 
atom, and a catalog of what atoms constitute its nearest 
neighbors. A modified WS construction 11,12 also accounts for 
the relative sizes (i.e., atomic radii) of the various atoms. It 
has been also observed 11 using the WS construct that “dis- 
clination nets” pass through those metal sites which have the 
largest magnetic moments. (Disclinations are chemically im¬ 
portant bond lines.) The nets defined by these disclinations 
have been shown to be correlated with the anisotropy axes of 
hard magnets. 11 Structural factors, in addition to Invar-type 
volume effects, are expected to be important to local 3 d 
magnetism in the hard magnets. 

Wigner-Seitz cell construction has been employed to 
derive a measure of the local site volumes, and explore their 


•'Permanent address: Nuclear Research Center, Negev, P.O. Box 9001, Beer- 
Sheva 84190, Israel. 


correlations with the magnetic moments. 11 In aMn, for ex¬ 
ample, if we assume that all the Mn atoms have the same 
radius, then the WS cells have different volumes. Relating 
these volumes to the magnetic moments at the four Mn sites 
in aMn, a nearly linear relation is found. A similar result is 
obtained for the four Fe sites in the hard magnet, Pr 2 Fe 17 
Ref. 12 (Table I). The relationship of the WS atomic volume 
and the disclinations to the enhancement of the magnetic 
properties are discussed in this paper, and suggestions for 
possible new hard magnet nitrides are given. 

Based on calculations of the WS polyhedra for a wide 
array of TM metalloids 10 (with up to 50% metalloid content) 
it has been shown that each metalloid prefers a certain local 
environment defined by a special WS cell. One specific ex¬ 
ample is nitrogen which is always found in the (0 6) octahe¬ 
dral environment. [This environment competes with the 
higher coordinated (0 3 6) ninefold Bernal environment in 
the 3d metal carbides. In the 4d-5d carbide group (except 
for Nb 2 C) the carbides have joined the nitrides in displaying 
only an (0 6) metalloid environment. 10 Boron is normally 
encountered in an (0 3 6) or (0 2 8) Bernal environment.] In 
analogy with thtje TM nitrides, we conclude that it would be 
extraordinary (i.e., indicative of a most unusual TM—N 
bonding) if nitrogen occupied anything other than the octa¬ 
hedral 9e site in the 2:17 compounds. 

We have calculated the WS polyhedra for the Pr 2 Fe 17 
and Pr 2 Fe 17 N 3 (assuming full occupancy) with nitrogen oc¬ 
cupying any one of the suggested sites. The method of cal¬ 
culation is described elsewhere, 12 The results are presented 13 
in Table I. Only in the 9e site is the WS polyhedron for 
nitrogen (0 6), namely, an octahedral array of six nearest 
neighbors. The other sites result in different, nonstable, poly¬ 
hedra which have very small facets or edges and in some 
cases (e.g., 3a site) the resulting distances to neighboring 
atoms are too small. 

Table II lists hard magnet materials, in addition to the 
Pr 2 Fe 17 , which were found to have enhanced magnetism 
upon nitriding. In all of these, the nitrogen is found to be in 
an octahedral (0 6) environment. These include NdFe 10 V 2 
and NdFe 10 Mo 2 , both having the ThMn 12 structure, 14 the 
hexagonal 2:17 (Tm 2 Ni 17 ), 15 and the Fe„N (n =3,4,8). In the 
lower part of Table 11(a), we propose some other hard magnet 
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TABLE I. Wigner-Seitz polyhedra (Ref. 13) of the atoms in Pr 2 Fe 17 and its nitride, with nitrogen in the 9e site of space group R3m. The measured magnetic 
moments in fi a are given where known (Refs. 4 and 5). The WS cells of other sites suggested by some authors for nitrogen are shown in the lower part of 
the table. 


Atom 

Site 


Pr 2 Fei 7 



Pr 2 Fei 7 N 3 


Moment 

Poly 

Volume 

Moment 

Poly 

Volume 

Pr 

6 c 

... 

(0 0 12 8) 

31.95 

3.4 

(0 3 6 14) 

32.12 

Fel 

6c 

2.46 

(0 0 12 2) 

12.14 

2.9 

(0 0 12 2) 

12.82 

Fe2 

9 d 

2.03 

(0 0 12) 

11.23 

2.3 

(0 0 12) 

11.84 

Fe3 

18/ 

2.03 

(0 110 2) 

11.71 

2.1 

(0 1 10 2) 

11.83 

Fe4 

Wt 

2.03 

(0 0 12) 

12.17 

2.5 

(0 1 10 2) 

12.48 

N 

9e 

... 

... 

... 

... 

(0 6) 

3.35 

N 

3 a 


as proposed 


(0 6 0 2) 

1.68 

N 

m 


by some authors 


(0 5 2) 

1.62 

N 

18 g 





(2 2 2 2) 

3.01 


TABLE II. (a) WS polyhedra of the atoms in a number of hard magnet materials, before and after nitriding, assuming full N occupancy. The definitions of the 
polyhedra designations are given in (b). In the lower part of (a) we list the WS cells for the proposed sites (listed in the text) for nitrogen in materials not yet 
known to be nitrided. Due to partial RE and TM occupancy in PrFe 7 , two possibilities are shown for TM3. (b) Shorthand designation defining various 
polyhedra types (Ref. 13) computed in some RE-TM-metalloid hard magnet materials, encountered in Table 11(a). The designations are sorted according to 
total number of facets on the polyhedra. Different designations are defined for the three different types of atoms. For the metalloids, the O designates the 
octahedral environment, the T and V are the nine-fold and ten-fold Bernal environments, respectively. 


(a) 



RE1 


RE2 

TM1 


TM2 

TM3 

TM4 

TM5 

TM6 

B 

N 

Pr 2 Fe„ 

A 



M 


X 

L 

X 





Pr 2 Fe 17 N 3 

D 



M 


X 

L 

L 




O 

Tm 2 Ni 17 

A 


A 

M 


X 

L 

X 





TmjNipNj 

D 


D 

M 


X 

L 

L 




O 

NdFe 10 V 2 

A1 



K 


M 

X 






NdFe, 0 V 2 N 

C 



K 


M 

L 





O 

NdFe 10 Mo 2 

A1 



X 


M 

X 






NdFe 10 Mo 2 N 

C 



K 


M 

L 





O 

aFe 




M4 









Fe 3 N 




m 








O 

Fe 4 N 




X3 


M3 






O 

Fe 8 N 




Af4 


M4 

N 





O 

NdNi s 

A 



XI 


X 







NdNijN 3 

E 



XI 


Ml 






O 

CeCo 4 B 

A 


A4 

XI 


L 





T 


CeCo 4 BN u 

E 


A4 

XI 


Ml 





T 

O 

PrFe, 

A 


A 

M 


X 

K1IL 

X 





PrFe 7 N 15 

A 


D 

M 


X 

K1IL 

X 




O 

Nd 2 Fe 14 B 

A2 


A3 

L 


X 

X 

M 

L 

X 

T 


Nd 2 Fe 14 BN M 

B 


A3 

L 


X 

X 

M 

L 

X 

U 

O 








(b) 













Transition 






Rare earth 


Facets 





metal 

Facets 



Metalloid 

Facets 

A (0 0 12 8) 


20 



X 


(0 0 12) 

12 


0 

(0 6) 

6 

A1 (0 0 16 4) 


20 



XI 


(0 3 6 3) 

12 





A2 (0 2 8 10) 


20 



X2 


(0 2 8 2) 

12 





A3 (0 1 10 9) 


20 



X3 


(0 12) 

12 





A4 (0 6 0 14) 


20 











B (0 1 10 10) 


21 



L 


(0 1 10 2) 

13 


T 

(0 3 6) 

9 

C (0 2 8 12) 


22 



M 


(0 0 12 2) 

14 


U 

(0 2 8) 

10 






Ml 


(0 2 8 4) 

14 










M3 


(0 6 8) 

14 










M4 


(0 6 0 8) 

14 





D (0 3 6 14) 


23 



N 


(0 5 2 8) 

15 





E (0 6 0 20) 


26 












J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Melamud, Bennett, and Watson 6045 








FIG. 1. Relation between the WS cell volume and magnetic moment per Fe 
atom in Pr 2 Fe, 7 and its nitride. Also shown are results for iron nitride 
(Fe s N), for aFe under pressure, and for aFe containing 1% N. Experimental 
and predicted values are represented by different symbols. The lines are the 
results of linear regression for (1) iron and (2) Pr 2 Fe 17 and its nitride. Also 
shown are values for Y, Nd, and Gd 2:17 compounds (Ref. 18). 

materials which we have found have optional sites for nitro¬ 
gen, with the same octahedral (0 6) WS cell as above. It is 
possible that these will also exhibit enhanced magnetic prop¬ 
erties. The list includes RE-TM materials of the 1:5 (CaCu 5 
and the related CeCo 4 B), the 1:7 (PrFe 7 ) and the 2:14:1 
(Nd 2 Fe 14 B) structures. The suggested sites for the nitrogen 
are 3/ in space group P6/mmm, 9e in R3m, and 2b in 
P4 2 lmnm, respectively. 

Iron volumes calculated from WS cell constructions are 
correlated with the known iron magnetic moments, 4,5 as can 
be seen in Fig. 1. Pr 2 Fe 17 N 3 is used as an example because of 
the availability of high-resolution neutron diffraction 
measurements, 5 which provide accurate moments for the 
four iron sites. The moments on the iron atoms for Pr 2 Fe n 
were derived 4 from Mossbauer experiments. Only the mo¬ 
ment for the 6 c site was resolved, and an average moment 
was assigned to the other three iron sites. We therefore have 
six experimental points, to which a linear regression has 
been applied, and predicted moments for the different sites 
were computed using their WS volumes. The average of the 
resulting moments for the three sites (9 d, 18/, and 18/t) is 
2.18 fi B , as compared to the experimental value of 2.03 fi B 4 

Another technologically relevant magnet is represented 
on Fig. 1, namely, Fe 8 N, which is under study for use in 
reading heads. 16 The known experimental average moment 
for this material is 2.8 fi B (at room temperature), shown in 
Fig. 1 using the average volume of the WS cells of these 
three sites. The iron atoms are in the three sites 4e, 4 d, and 
8 h of space group I4/mmm. Predicted moments for the 
three sites are also shown on Fig. 1, as calculated from the 
WS site volumes using the same linear regression used for 
Pr 2 Fe 17 . The average value of these predicted moments is 
2.7ny, in good agreement with the experimental value of 
2.8 /jl b . (The calculated band theoretical values 3 give an av¬ 
erage of 2.4/z s .) 

Figure 1 includes also results 17 for aFe (as a function of 
pressure, at 0, 80, and 122 kbar). There seems to be a well- 
defined slope for these results, which is different from that in 
the 2:17 materials. This means that there are other factors 


which play an important role, such as coordination number, 
types of neighbors and the different exchange resulting from 
RE-TM in addition to Fe-Fe exchange. This result is sup¬ 
ported by the observation 16 that an increase of ~0.5%-l% in 
the lattice parameter of aFe is accompanied by an increase of 
~15% in its moment, resulting from the addition of a small 
amount of nitrogen. This result is shown in Fig. 1 to lie on 
the steeper line, off the aFe line. Other experimental and 
calculated critically collected 18 RE-TM data have been in¬ 
cluded in Fig. 1. A substantial scatter is seen resulting from 
inconsistencies even for the same material, and because not 
all values are saturation moments. There is no space to dis¬ 
cuss this here. 

The addition of the nitrogen into the structure in Pr 2 Fe 17 
causes some changes in the topology of the WS cells of the 
neighboring atoms, which are probably correlated with the 
change in electron density caused by the nitrogen, and likely 
contribute to the break in slope. The main result is that the 
three fivefold facets connecting the RE to the Fe4 neighbors 
change into sixfold facets, thus incorporating the Fe4 into the 
sixfold disclination net and enhancing this net upon nitriding. 

This work was supported by the Division of Materials 
Sciences, U.S. Department of Energy, under Contract No. 
DE-AC02-76CH00016. 
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Theoretical analysis of the spin-density distributions in Y 2 Fe 17 N 3 
and Y 2 Fe 17 C 3 

W. Y. Ghing, Ming-Zhu Huang, and Xue-Fu Zhong 
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The electronic structures and spin-density distributions in Y 2 Fei 7 N 3 and Y 2 Fe 17 C 3 are calculated 
using the self-consistent spin-polarized orthogonalized-linear-combination-of-atomic-orbitals 
method. The N or C atoms are assumed to occupy the (9e) sites in the rhombohedral structure. The 
Fe (18/) and N or C at the (9e) site form covalent bonds which result in a very nonspherically 
symmetric spinrdensity distribution. The calculation shows a reduced moment for the Fe (18/) sites 
due to doping. However, the moments at other sites are increased due to lattice expansion. There are 
some differences in the spin-density distribution between N and C at the (9e) site. By comparing 
with the results of calculation on the pure Y 2 Fe n at different volumes, changes in moment 
enhancement and density of states at the Fermi level due to lattice expansion alone and that due to 
the chemical effect of introducing N or C are separated. 


It has been well established that nitrogen (N) or carbon 
(C) doping in the rare-earth-Fe permanent magnets R 2 Fe 17 
can raise the Curie temperature ( T c ) substantially. 1,2 This is 
generally attributed to lattice expansion in the doped samples 
which increases the Fe-Fe interatomic distances and the ex¬ 
change interactions. A large number of calculations exist 
which show the increase in the spin-magnetic moments on 
different Fe sites and significant changes in the density of 
states (DOS) at the Fermi level E F upon N doping. 3-7 How¬ 
ever, it is difficult to provide a direct explanation of the in¬ 
crease in T c based on the electronic structure results since 
the electronic structure is a zero temperature entity. Mohn 
and Wohlfarth developed a theory based on a spin fluctuation 
mechanism which links with electronic structure to the T c of 
a magnetic material. 8 

In spite of recent calculations on the electronic structure 
of the R 2 Fe 17 phases 3,9 and their nitroginated samples, 3-7 
several questions remain unresolved. (1) The calculated spin 
moment on each Fe site is in general agreement with experi¬ 
ment, but discrepancies exist for specific sites such as Fe 
(18/) and (18/t) in Y 2 Fe l7 . 10 The manner in which the spin 
moments have been obtained by different computational 
methods has not been fully scrutinized. (2) Separation of a 
chemical effect and volume expansion with introduction of N 
is important in understanding the mechanism for T c enhance¬ 
ment. (3) It is generally assumed that the effects of the N 
doping or C doping on different R 2 Fe 17 crystals are similar. 
Realistic calculations may show subtle differences. (4) There 
is a fundamental question as to whether the local spin density 
approximation (LSDA) of the density functional theory on 
which almost all of the theoretical calculations are based, is 
good enough to answer the question of T c enhancement. It is 
well known that the LSDA can give the wrong ground state 
in the case of elemental Fe crystals. 13 

In order to further understand some of these problems, 
we have carried out self-consistent, spin-polarized calcula¬ 
tions on Y 2 Fe 17 N 3 and Y 2 Fe 17 Cj. Together with our previous 
calculations on pure Y 2 Fe 17 with different volume 
expansions, 10 we are able to separate the effects due to vol¬ 
ume expansion and chemical doping. We focus on the details 
of the spin-density distribution in the vicinity of the doping 


sites as well as on the differences between systems with dif¬ 
ferent dopings, i.e., N versus C. 

We use the orthogonalized-linear-combination-of- 
atomic-orbitals (OLCAO) method in the LSDA. The proce¬ 
dures of the calculation have been described in the 
literature 14,15 and will not be repeated. A minimal atomiclike 
basis set consisting of orbitals of Y, Fe, N (C) which are 
expanded in terms of Gaussians in real space is employed. 
The crystal parameters used are listed in Table I. Three spe¬ 
cial k points are used in the self-consistent iterations, while 
in the final calculation, secular equations are solved at 11 
special k points in the irreducible wedge of the Brillouin 
zone of the trigonal cell. The final charge and spin densities 
are calculated from the resulting eigenfunctions at these 11 k 
points with proper corrections for the core orthogonalization 
applied. The spin-magnetic moments at each site are ob- 


TABLE I. Calculated properties for Y 2 Fe| 7 , Y 2 Fe 17 N 3 , and Y 2 Fc 17 C 3 
crystals. 


Crystal 

Y 2 Fe 17 

Y 2 Fe 17 

Y 2 Fe 17 N 3 

Y 2 Fe t7 C 3 

Lattice constants: 
a (A) 

8.46 

8.654 

8.653 

8.72 

c (A) 

12.41 

12.693 

12.677 

12.677 

Volume (V/V 0 ): 

1.00 

1.07 

1.069 

1.072 

Site moments (p B ): 

Y (6c) 

-0.63 

-0.72 

-0.46 

-0.47 

Fe (6c) 

2.52(2.17) 

2.70 

2.55(2.71) 

2.59(2.43) 

Fe (9 d) 

2.05(2.01) 

2.41 

2.50(2.39) 

2.56(2.01) 

Fe (18/) 

2.37(1.81) 

2.50 

2.02(2.36) 

1.77(1.92) 

Fe (ISA) 

2.10(1.77) 

2.42 

2.31(2.12) 

2.19(1.75) 

N or C (9e) 



-0.07 

-£22 

Total Fe moment (p B )\ 

37.97 

42.13 

38.58 

36.60 

T c (K) exp.: 

325 


697 

698 




694 


DOS at E f , N (E f ) in unit of states per eV cell: 



N(E f )(t) 

11.2 

6.0 

7.6 

10.0 

N(£ f )U) 

16.4 

12.6 

8.0 

9.5 
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FIG. 1. Calculated charge density (left panel) and spin density (right panel) for (a) Y 2 Fe 17 (top), (b) Y 2 F 17 N, (middle), and (c) Y 2 Fe 17 C 3 (bottom) at 
approximately the same volume. The contour lines are 0.01,0.02,0.04,0.06,0.08,0.10,0.15,0.20,0.25,0.30,0.40,0.50 for charge density and plus or minus 
of 0.001, 0.002, 0.003, 0.004, 0.006, 0.008, 0.01, 0.015, 0.020, 0.030, 0.040, 0.050. Negative numbers are indicated by dashed contours. 


tained by using the Mulliken scheme 17 based on the eigen¬ 
functions and the overlap matrix elements. 

The calculated charge-density and spin-density maps on 
a plane perpendicular to the c axis and containing the Fe 
(18/) sites, the Y atom, and the doping elements are shown 
in Fig. 1 for Y 2 Fe 17 , Y 2 Fe 17 N 3 , and Y 2 Fe 17 C 3 . All three crys¬ 
tals have the same cell volumes. In the calculation for 
Y 2 Fe 17 N 3 and Y 2 Fe 17 C 3 , we used the internal parameters 
which determine the atomic positions for Nd 2 Fe 17 N i as mea¬ 
sured by Kajitani et al . 16 The results of Fig. 1 can be sum¬ 
marized as follows: (1) In the absence of the doping ele¬ 
ments, Fe (18/) and Y have rather spherical charge- and 
spin-density distributions. The Y atom is negatively polar¬ 
ized. (2) When N atoms are introduced at the 9e site, expan¬ 
sion of the lattice and changes in the internal parameters 
make the 9e site of sufficient size to accommodate N. There 
is a significant covalent bonding character between Fe-3 d 
and N-2p electrons in forming a tight Fe-N-Fe unit. The spin 
density at these sites shows significant distortion from 
spherical symmetry. The highly nonsymmetric charge- and 
spin-density distributions have some implications on the 
proper magnitude of spin-magnetic moments at these sites. 
(3) Although the moments at the N site are small and nega¬ 
tively polarized, the spin-density map shows that they form 
pairs of positive and negative lobes. (4) There are some dif¬ 
ferences in the spin-density distributions due to N and C 
dopings. For C, there is no lobe structure and the negative 
polarization at the C site is actually larger. 

In Table I, we list the calculated spin moments at each 
site based on the Mulliken scheme. Also included are the 
results for Y 2 Fe 17 at zero expansion and some measured data 


for comparison. Based on these results, we can see that (1) 
Although the effect of volume expansion increases the nega¬ 
tive polarization on the Y atom, the doping actuary reduces 
it. (2) There is a significant reduction of moments on Fe 
(18/) next to N (C) when they are covalently bonded. (3) At 
other Fe sites, the increase in the moments can be accounted 
for mainly by the effect of volume expansion, but the chemi¬ 
cal effect of doping is important and appears to be site spe¬ 
cific. (4) C is slightly more negatively polarized than N and 
has a bigger influence on the Fe (18/) site and less influence 
on the Fe (18 h) site. 

The calculated numbers in Table I can be compared with 
the recent experimental Mossbauer data from Chen et al} 2 
for Y 2 Fe I7 , Y 2 Fe 17 N 23 , and Y 2 FepQ by dividing the re¬ 
ported hyperfine field data by a rather arbitrary factor of 14.8 
T lfi B . These .5 'rnbers are listed in parenthesis in Table I. The 
comparison is only approximate because the samples are not 
stoichiometric in composition while the calculation assumes 
the ideal structure. Still, the relative magnitudes of the Fe 
moments should be meaningful. In the case of undoped 
Y 2 Fe 17 at equilibrium volume, it has been pointed out that 
the agreement between calculation and experiment on the 
relative magnitudes of Fe moments at various sites is mar¬ 
ginal at best. 10 On the other hand, the results of different 
theoretical calculations using different methods are quite 
close. 10 This reflects either a fundamental inadequacy in the 
LSDA theory for the magnetic properties of the system of 
rare-earth-iron magnets, or that the theoretically calculated 
values may not correspond to quantities that the experiments 
actually measure. In the doped samples, the experimental 
data measure an increase of moments on all Fe sites. Our 
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FIG. 2. Calculated total DOS for (a) Y 2 Fe 17 , (b) Y 2 Fe„N 3 , and (c) Y 2 Fe 17 C 3 
at approximately the same volume. Positive values are for the majority spin 
band and negative values for the minority spin band. 


calculation shows this to be the case, except for the Fe (18/) 
site where there is a large decrease. Jaswal et al* obtained 
the same moment as ours for this site. In the present calcu¬ 
lation, the Mulliken scheme was used which gives the effec¬ 
tive charges on each atom for the majority and minority spin 
cases. The difference is taken as the spin moment for that 
site. The Mulliken scheme for charge partitioning is approxi¬ 
mate since it assumes an equal overlap for different atomic 
pairs. This simple scheme works best when the wave func¬ 
tions are not too extended, and the atoms in the system are 
more or less of the same size and have similar ranges of 
interatomic distances. 

Ii: the doped sample, the N or C are introduced to inter¬ 
stitial sites. Lattice expansion and local symmetry variation 
result in quite different interatomic separations. The Mul¬ 
liken scheme may not work well in these cases. A better 
approach is to perform a three dimensional real space inte¬ 
gration of the charge densities as was done by us in the case 
of some insulating crystals. 18 With a highly nonsystematic 
distribution as shown in Fig. 1, this is obviously not an easy 
job. In addition, the criterion for partitioning the chaise or 
the spin density in real space is always subject to a certain 
degree of arbit-riness. It may be pointed out that in the 


linear muffin-tin orbital (LMTO)- or atomic sphere approxi¬ 
mation (ASA)-type of calculations, 3,4 ’ 9 spin moments are not 
based on the Mulliken scheme, but on the difference of ma¬ 
jority and minority spin charges inside the atomic spheres. 
The charges outside the atomic spheres are zero. The calcu¬ 
lated spin moments depend somewhat on the choice of 
atomic sphere radii. In compact systems in which the charge 
distribution is more or less spherical, this approach gives 
quite accurate moments. However, in doped systems where 
the spin-density distribution is nonspherical, such an ap¬ 
proach may not be reliable. 

Figure 2 shows the calculated total DOS for the majority 
and minority spin bands in Y 2 Fe 17 , Y 2 Fe 17 N 3 , and Y 2 Fe 17 C 3 . 
As can be seen, doping does modify the DOS profiles. Pro¬ 
jected partial DOS (not shown) for N and C show that the N 
states are in the range of -5.3 and -7.5 eV, while those of C 
are between -2.5 and -7.0 eV. The calculated DOS at E F 
are listed in Table I. For the majority band, the reduction in 
the DOS at E F in Y 2 Fe 17 N 3 by almost a factor of 2/3 is 
mainly due to lattice expansion. In Y 2 Fe 17 C 3 , the effect of C 
doping increases N(£ F ) and is largely compensated for by 
the volume effect. For the minority band, lattice expansion 
alore reduces N(£ f ), and upon doping, it decreases further 
to a, ut half of the value for undoped Y 2 Fe 17 at equilibrium 
volume. Thus chemical effect of doping is most pronounced 
in the N(£/) for the spin down band and in the moment of 
the Fe (18/) site. 
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Study on the effect of the previous hydrogenation of the nitride formation 
of a Sm^Fe^ at. % Nb) alloy 

H: W. Kwon 
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In order to find an effective means of production of the interstitial Sm 2 Fe 17 N x -type nitride, an alloy 
modification by the addition of small amount of alloying element (4 at.% Nb) and a hydrogenation 
treatment prior to the nitriding process have been employed. The effect of previous hydrogenation 
oh the nitride formation of the Sm 2 Fe 17 (4 at. % Nb) alloy has been investigated systematically by 
means of thermopiezic analysis, thermomagnetic analysis, and vibraang sample magnetometer. It 
has been found that the previous hydrogen treatment facilitates significantly the formation of the 
nitride, and this may be due to the clean surface and the finer size of the particles caused by the 
hydrogen decrepitation. It has also been found that the combination of the alloy modification with 
the addition of Nb and the previous hydrogen treatment can be utilized effectively for the production 
of a Sm 2 Fe 17 N*-type nitride. 


INTRODUCTION 

The Sm 2 Fe 17 N*-type nitride material has been consid¬ 
ered to be a potential candidate for the permanent magnetic 
application. 1 ' 5 It is apparent, however, that there are 
some practical difficulties in the preparation of the 
Sm 2 Fe 17 Nj-type nitride material. The cast Sm 2 Fe l7 -type al¬ 
loys, from which the interstitial Sm 2 Fe 17 N,-type nitride is 
produced, have a severe structural inhomogeneity, The 
Sm 2 Fcj 7 compound is formed through the peritectic reaction 
between the previously crystallized solid Fe and the liquid 
Sm-rich phase, 6 thus leading to the common presence of a 
considerable amount of free iron(a-Fe) in the cast ingot. In 
order to overcome this practical difficulty, a modification of 
the microstructure of the cast Sm 2 Fe, 7 alloy by a substitution 
of M (M=Nb, Ta) for Fe in the alloy has been attempted, and 
it has been revealed that 7,8 the addition of certain transition 
elements, such as Nb and Ta to the Sm 2 Fe 17 -type alloy, 
modifies the crystallizing behavior, thus suppressing the 
presence of the free iron. The poor kinetics of the nitride 
formation reaction of the Sm 2 Fe ]7 -type alloy is also a limit¬ 
ing factor for the preparation of the nitride material. Because 
the kinetics of the reaction is so slow, the Sm 2 Fe 17 -type alloy 
is processed commonly into a fine powder form (typical par¬ 
ticle size less than 10 yxm) in order to improve the kinetics. 
Many practical difficulties associated with the powder prepa¬ 
ration or handling are, therefore, inevitable. In the present 
study, in an attempt to find an effective means of production 
of the interstitial Sm 2 Fe 17 N x -type nitride, a combination of 
an alloy modification by the small addition of alloying ele¬ 
ment (4 at. % Nb) and a hydrogenation treatment prior to the 
nitrogenation process has been employed. The effect of the 
previous hydrogenation on the formation of the nitride has 
been investigated in more detail. 

EXPERIMENTAL WORK 

A Sm 2 Fe n alio’ containing 4 at. % Nb was prepared 
using an induction furnace at 1400 °C and supplied by Rare 


Earth Products (Widnes, UK). The microstructure of the al¬ 
loy was examined using an optical microscope or a scanning 
electron microscope (SEM), and the phase analysis of the 
alloy was performed by a SEM equipped with electron probe 
microanalysis (EPMA) facility. The supplied as-cast alloy 
was subjected to a hydrogenation treatment prior to the ni¬ 
triding process. The hydrogenation was carried out at 
300 °C, and it was followed by a degassing treatment at 
450 °C under vacuum better than 0.05 mbar. The hydrogena¬ 
tion and the degassing were repeated four times in order to 
achieve a full decrepitation (it has been found that the 
Sm 2 Fe 17 -type alloy shows a poor decrepitation behavior with 
a simple hydrogenation treatment 9 ). The cycle hydrogen 
treated alloy (hereafter the cycle hydrogenated alloy is in a 
hydrogenated state after the cycle treatment unless stated 
otherwise) was pulverized for 1 h using an automatic agate 
pulverizer in a glove box filled with high purity nitrogen gas 
(oxygen content in the glove box is less than 150 ppm). The 
as-cast alloy was also pulverized under the same conditions 
as the one for the cycle hydrogen treated alloy for compari¬ 
son. The obtained powder materials were then nitrogenated 
at the temperature range of 450-500 °C for various periods 
under nitrogen gas (nitrogen pressure: ~1 bar). The nitrided 
material was then milled for 24 h under cyclohexane using a 
ball mill (mass ratio of material to steel ball=1:20). ATPA 
(thermopiezic analysis 10 ) was employed in order to study the 
nitrogenation behavior of the as-cast or the cycle hydroge¬ 
nated alloy powders. The magnetic properties of the nitrided 
material were characterized by means of VSM (vibrating 
sample magnetometer) or TMA (thermomagnetic anaiysis). 
For the VSM measurement, the nitride powder was aligned 
and bonded with wax under the magnetic field of 20 kOe, 
and the measurement was performed along the aligning di¬ 
rection. 

RESULTS AND DISCUSSION 

The microstructure of the as-cast alloy examined by a 
SEM is shown in Fig. 1. It is apparent that the microstructure 
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FIG. 1. SEM (backscattered electron image) photograph showing the mi¬ 
crostructure of the as-cast Sm 2 Fe 17 (4 at. % Nb) alloy. 

consists of a mixture of the matrix phase and eutectic phase. 
A minor island phase is also observed in the alloy. The x-ray 
microanalysis (EPMA) result shows that the matru phase 
has a chemical composition of Sm 2 Fei 7 stoichiometry and 
the eutectic is a mixture of Sm 2 Fe 17 and NbFe 2 Laves phase. 
The island phase has a composition of NbFe 2 Laves phase, 
There is no evidence for the presence of the free iron in the 
alloy, which is a common feature of the conventional 
Sm 2 Fe 17 alloy. The as-cast alloy can, therefore, be used 
straightaway for the production of the Sm 2 Fe 17 nitride with¬ 
out any homogenizing treatment. 

Figure 2 shows the TPA traces for the as-cast or the 
cycle hydrogenated alloy powders carried out under nitrogen 
gas (nitrogen pressure: ~1 bar). It appears that for the as-cast 
alloy powder, the nitrogen pressure in the reaction chamber 
begins to decrease from around 290 °C and a rapid drop is 
observed above 480 °C, indicating that the as-cast alloy ab¬ 
sorbs the nitrogen from around 290 °C and most rapidly at 
around 480 °C. Meanwhile, for the cycle hydrogenated alloy 
the pressure drop occurs from around 170 °C, and a rapid 
increase in the pressure is observed from around 250 °C up 
to around 450 °C. This pressure increase is due to the desorp¬ 
tion of hydrogen from the hydrogenated alloy. The pressure 
increase is stopped at around 450 °C and then followed by a 



FIG. 2. TPA traces for the as-cast or the hydrogen treated alloy powders 
under nitrogen. 



Temper»tureO > C) 

FIG. 3. TMA results for the nitride materials nitrogenated for 4 h at various 
temperatures using the as-cast alloy powder. 

rapid decrease, indicating that the hydrogen desorption is 
almost completed at 450 °C and the nitrogen absorption 
takes place rapidly above this temperature. It can be seen 
from these results that the cycle hydrogenated alloy powder 
can pick up the nitrogen at significantly lower temperature 
with respect to the as-cast alloy powder. This suggests that 
the hydrogen addition to the Sm 2 Fe, 7 -type alloy prior to the 
nitrogenation may facilitate the formation of a Sm 2 Fe 17 
Nj-type nitride. 

Figures 3 and 4 show the TMA results for the materials 
nitrided for 4 h at various temperatures using an as-cast or a 
cycle hydrogenated alloy powder. For both materials, the 
TMA curves exhibit two deflections at around 150 °C and 
480 °C. Those reflections correspond to the Curie tempera¬ 
tures of the unreacted Sm 2 Fe 17 phase and the formed 
Sm 2 Fe 17 N x -type nitride, respectively. It appears that the de¬ 
flections at 480 °C are much greater for the cycle hydroge¬ 
nated alloy than for the as-cast alloy at any nitriding tem¬ 
perature used in the present study, indicating that the nitride 
can be formed more easily from the hydrogenated material 
with respect to the as-cast material at the same condition. 
The nitrided material nitrogenated at 500 °C using the as-cast 
alloy powder exhibits a large deflection at around 150 °C, 



FIG. 4. TMA results for the nitride materials nitrogenated for 4 h at various 
temperatures using the cycle hydrogen treated alloy powder. 
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FIG. 5. TMA results for the nitride materials nitrogenated at 475 °C for 4 h 
using the alloy powders under various conditions. 

indicating that there is still a significant amount of the unre¬ 
acted Sm 2 Fe n phase after the nitrogenation. There is, how¬ 
ever, little evidence for the presence of the unreacted 
Sm 2 Fe 17 phase for the cycle hydrogenated alloy powder. 
These results, together with the results of TPA (Fig. 2), indi¬ 
cate clearly that the previous hydrogenation treatment on the 
as-cast alloy may facilitate the formation of the nitride. Fig¬ 
ure 5 shows the TMA result for the nitridcd material which is 
previously cycle hydrogenated and then degassed prior to 
being subjected to the nitrogenation at 475 °C. The degassing 
was carried out in situ in the nitriding rig at 475 °C until a 
vacuum better than 5X10" 6 Torr was achieved. The nitroge¬ 
nation was carried out immediately after the degassing. The 
TMA results for the nitride materials obtained from the ni¬ 
trogenation at 475 °C using the as-cast or the cycle hydroge¬ 
nated alloy powders (the cycle hydrogenated alloy powder 
was in the hydrogenated state prior to the nitrogenation) du¬ 
plicated from Figs. 3 and 4 are also included in Fig. 5 for 
comparison. The comparison between the TMA results for 
the nitrided materials nitrogenated using the as-cast or the 
cycle hydrogenated alloy powders may reveal the effect of 
previous hydrogen addition to the Sm 2 Fe !7 -type parent alloy 
on the nitride formation. It is worth noting that the TMA 
curves for the nitride materials nitrogenated using the cycle 
hydrogenated alloy powders which are in the hydrogenated 
or degassed state appear not to be significantly different. This 
result indicates that the addition of hydrogen to the 
Sm 2 Fe n -type parent alloy may not influence significantly the 
nitrogenation reaction of the alloy. It can be concluded, 
therefore, that the easier formation of nitride caused by the 
previous hydrogenation may be due to the decrepitation 
which results in a clean surface and a finer particle size. 

The magnetic characterizations performed using a VSM 
for the nitride material obtained from the nitrogenation of the 



FIG. 6. VSM measurements on the nitride material nitrogenated at 475 °C 
for 15 h using the cycle hydrogen treated alloy powder. 

cycle hydrogenated material at 475 °C for 15 h are shown in 
Fig. 6. The material immediately after the nitrogenation ex¬ 
hibits poor permanent magnetic properties. The properties 
are however, improved markedly by the post-nitriding mill¬ 
ing for 24 h. The poor properties of the as-nitrided materials 
may be due to the coarse particle size, and the marked im¬ 
provement of the properties of the milled material may be 
attributed to the fine particle size of the nitride. The milled 
material has a significantly high coercivity (over 7 kOe). 

CONCLUSION 

The effect of previous hydrogen treatment on the nitride 
formation of the Sm 2 Fe ]7 -type alloy modified with the addi¬ 
tion of small amount of Nb has been investigated. It has been 
found that previous hydrogen treatment facilitates signifi¬ 
cantly the formation of the nitride, and this may be due to the 
clean surface and the finer size of the particles caused by the 
hydrogen decrepitation. The present study also shows that 
the combination of an alloy modification with the addition of 
Nb and a previous hydrogenation can be utilized as an effec¬ 
tive means of production of a Sm 2 Fe 17 N*-type nitride. 
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The effects of hydrogen disproportionation, desorption, and recombination 
on the structure and magnetic properties of Sm 2 Fe 17 N x 
and NdFei 0 Mo 2 N x compounds 
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Hydrogen disproportionation, desorption, and recombination (HDDR) has been used as a 
pretreatment to prepare high performance Sm 2 Fe 17 N x and NdFe 10 Mo 2 N J compounds. Isotropic 
Sm 2 Fe 17 N* and NdFe^Mo^ compounds with intrinsic coercivity larger than 12 and 4 kOe have 
been obtained by nitriding the HDDR treated powders, respectively. It is found that the magnetic 
properties are sensitively dependent on the time and temperature of the HDDR process, which 
determine the grain size, nitrogen content, and the amount of a-Fe in the nitrides. 


I. INTRODUCTION 

Sm 2 Fe 17 N i! and Nd(Fe,M) 12 N* compounds have been 
discovered as potential new permanent magnetic candidates 
since 1990. 1,2 

HDDR, as a pretreatment, has been successfully used in 
the preparation of isotropic Sm 2 Fe 17 N, and NdFe 10 Mo 2 N x 
compounds. The relationship between preparation, structure, 
and magnetic properties of HDDR treated Sm 2 Fe 17 N x and 
NdFe 10 Mo 2 N x compounds will be presented in this article. 


II. EXPERIMENTAL METHODS 

Alloys of stoichiometric composition were prepared by 
arc melting 99.5 wt % pure materials in a purified argon 
atmosphere. The ingots were heat treated at 1050 °C for 2 
days and a week for Sm 2 Fe n and NdFe 10 Mo 2 compounds, 
respectively. The compounds were pulverized into powders 
with size ranging from 1 to 70 pm, then they were hydrided 
at 250-1100 °C for 1-5 h. Subsequently, the hydrided com¬ 
pounds were degassed at the above mentioned temperature 
for 1-4 h. Nitrogenation was carried out in the temperature 
range from 480 to 510 °C for 2-4 h, then rapidly cooled to 
room temperature. X-ray diffraction was used to determine 
the structure. 

Powder samples of cylindrical shape were prepared by 
embedding the powders in epoxy resin, and some were 
aligned in a 10 kOe field. Hysteresis loops were measured in 
an applied field of #=1.4 T on a vibrating sample magneto¬ 
meter and H=7 T on a superconducting quantum interfer¬ 
ence device (SQUID) magnetometer. The Curie temperatures 


were determined from M-T curves obtained with a vibrating 
sample magnetometer operating in a temperature range from 
300 to 1000 K in a field of H= 0.1 T. 

The microstructural changes are observed by powder 
x-ray diffraction and scanning electron microscopy (SEM). 
The grain size of the HDDR treated nitrides was determined 
from observations by transmission electron microscopy 
(TEM). 


III. RESULTS AND DISCUSSIONS 

A. Phase formation, structure, and intrinsic magnetic 
properties 

From x-ray diffraction, thermomagnetic measurements, 
and SEM observations, the alloys are identified as single 
phase except for a small amount of SmFe 3 in the Sm 2 Fe 17 
alloy. When hydriding and nitriding the compounds at 250 
and 500 °C, respectively, the rhombohedral and tetragonal 
structure of the Sm 2 Fe )7 and NdFei 0 Mo 2 compounds were 
retained but with an increase in lattice parameters. Table I 
lists the lattice parameters a, c, unit cell volume V, Curie 
temperature T c , and saturation magnetization M s as well as 
the anisotropy field H A of the compounds and their hydrides 
and nitrides. It can be seen that hydrogenation and nitroge¬ 
nation can both increase the Curie temperature and saturation 
magnetization of the compounds and nitrogenation can 
change the easy magnetization direction from easy basal 
plane to easy c axis for the Sm 2 Fei 7 compound and from 
easy cone to easy c axis for the NdFe 10 Mo 2 compound due to 
the change of second order crystal field coefficient A 20 in the 
phases upon nitrogenation. 


TABLE I. The lattice parameters o,c, unit cell volume V, and its relative change AV/V, Curie temperature T c , saturation magnetization M s , and anisotropy 
field H a of Sm 2 Fe l7 and NdFe 10 Mo 2 compounds and their hydrides and nitrides at room temperature. 


Compound 

Structure 

a (A) 

c (A) 

V (A 3 ) 

tsVIV (%) 

T c (K) 

M s (emu/g) 

Ha (T) 

Sm 2 Fe 17 

Rhomb. 

8.561 

12.45 

790.4 


438 

105.5 


Sm 2 Fe 17 H ) 

Rhomb. 

8.673 

12.54 

817.0 

3.37 

563 

120.6 


Sm 2 Fe 17 N x 

Rhomb. 

8.73(3 

12.67 

837.0 

6.0 

748 

137.8 

15.6 

NdFe 10 Mo 2 

Tetra. 

8.593 

4.784 

353.3 


374 

65.59 


NdFe 10 Mo 2 H y 

Tetra. 

8.614 

4.796 

355.9 

0.72 

427 

74.86 


NdFejoMo^ 

Tetra. 

8.662 

4.818 

361.5 

2.32 

538 

86.04 

8.4 
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B. Determination of HDDR parameters 

HDDR includes two main processes: hydrogenation and 
hydrogen desorption. In both of them, time arid temperature 
are vital to the obtained permanent magnetic properties of 
Sm 2 Fe 17 Nj and NdFe 10 Mo 2 N ;t compounds. However, the 
correct powder size is a prerequisite for the proper HDDR 
treatment. For comparison, we chose the nitrogenation treat¬ 
ment of 500 °C for 3 h as determined in our previous 
studies. 3 

Figure 1 shows the demagnetization hysteresis loops of 
Sn^Fe^N, powder samples with an average particle size of 
1,10, and 70 fim with hydrogenation at 500 °C for 3 h and 
dehydrogenation treatment at 750 °C for 2 h and subse¬ 
quently nitrogenation treated at 500 °C for 3 h. The results 
show that the optimized particle size is between 4 and 10 /an 
in both Sm 2 Fe n N x and NdFe 10 Mo 2 N x compounds. Powder 
particles smaller or larger than these size are deleterious to 
magnetic properties. 

X-ray diffraction study of Sm 2 Fe 17 and NdFei 0 Mo 2 com¬ 
pounds after hydrogenation treatment at temperatures from 
250 to 1100 °C for 4 h shows that when the hydrogenation 
temperature is lower than 300 °C, for example, at 250 °C, the 
Sm 2 Fe 17 H y and NdFe 10 Mo 2 H > , compounds are formed. At 
temperatures higher than 500 °C, Sm 2 Fei 7 and NdFe 10 Mo 2 
compounds decompose into a mixture of RH 2 _ 3 and 
or-Fe(Mo), When temperatures are higher than 1050 °C, 
Sm 2 Fei 7 and NdFei 0 Mo 2 are partially recombined in the hy¬ 
drogen atmosphere at 1 bar pressure. However, only when 
dehydrogenation was carried out at 700-800 °C, can the 
mixture of RH 2 _ 3 and a-Fe(Mo) recombine fully into 
Sm 2 Fe 17 and NdFe 10 Mo 2 compounds. As an example, the 
x-ray diffraction patterns of the recombined Sm 2 Fe 17 com¬ 
pounds is shown in Fig. 2 in contrast with the decomposed 
mixture of SmH 2 _ 3 and a-Fe. The permanent magnetic prop¬ 
erties also reveal that the best values were obtained by hy¬ 
drogen absorption and desorption treatment at 700-800 °C. 

Figures 3 and 4 show the effects of hydrogenation and 
hydrogen desorption time on the permanent magnetic prop¬ 
erties of Sm 2 Fe 17 N* compounds. It can be seen that the best 



FIG. 1. The hysteresis loops of SmjFe^N* compounds of average powder 
particle size d=l fim (a), 10 /im (b), 70 fim (c) by HDDR and nitrogena¬ 
tion treatment as described in the text. 



FIG. 2. The permanent magnetic properties of Sm 2 Fe 17 N I compound pow¬ 
ders with the variation of hydrogenation time t (h) at 750 °C. 


permanent magnetic properties are obtained at hydrogenation 
times between 2 and 4 h and a dehydrogenation time of 2 h. 
Furthermore, we can see from Fig. 4 that the permanent 
magnetic properties are sensitively dependent on the hydro¬ 
gen desorption time. Figure 5 shows the hysteresis loops of 
thus treated Sm 2 Fe 17 N x and NdFe 10 Mo 2 N x compounds. From 
these data, coercivities of 12 and 4 kOe have been obtained 
for Sm 2 Fe 17 N x and NdFe I0 Mo 2 N i , respectively. 

C. Phase transformation in the HDDR process 

As observed in Sec. II, the permanent magnetic proper¬ 
ties are sensitive to the hydrogenation temperature, time, and 
especially to the hydrogen desorption time. X-ray diffraction 
studies have shown that the HDDR process is a reaction of 
diffusional phase transformation, which consists of the fol¬ 


lowing two processes: 

Sm 2 Fe 17 +H 2 =SmH 2 _ 3 +a-Fe, (la) 

NdFe 10 Mo 2 +H 2 =NdH 2 . 3 +a-Fe(Mo) (lb) 

and 

SmH 2 _ 3 +a-Fe=Sm 2 Fe 17 , (2a) 

NdH 2 _ 3 +a-Fe(Mo)=NdFe 10 Mo 2 . (2b) 



FIG. 3. The permanent magnetic properties of SmiFe^N, compound pow¬ 
ders with the variation of dehydrogenation time t (h) at 750 °C. 


6054 J. Appl. Phys., Vol. 76, No, 10,15 November 1994 


Yang et at. 









FIG. 4. The x-ray diffraction patterns of Sm 2 Fe 17 compound hydrogenated 
at 750 °C for 3 h (a) and dehydrogenated at 750 °C for 2 h (b). 

In process (1), the reaction begins from the adsorption of H 2 
on the particle surface and its decomposition into H atoms, 
then the H atoms diffuse along grain boundaries, and crystal 
defects such as twin grain boundaries jump through intersti¬ 
tial sites into the lattice. This results in its decomposition into 
a mixture of Nd(Sm)H 2 _3 and a-Fe(Mo), which also requires 
the diffusion of Nd(Sm) and Fe(Mo) atoms to form clusters 
of Nd(Sm)H 2 _ 3 and a-Fe(Mo). Therefore, when we hydroge- 



FIG. 5. The hysteresis loops of Sm 2 Fe 17 N x (a) and NdFe 10 Mo 2 N 1 (b) com¬ 
pounds magnetized at a field W=1.4 T after optimized HDDR and nitroge- 
nation treatment. 


FIG. 6. The SEM backscattered electron graphs of Sm 2 Fe 17 and NdFe 10 Mo 2 
compounds after hydrogenation at 750 °C for 3 h (a) and dehydrogenation at 
750 “C for 2 h (b). 

nated bulk NdFe ]0 Mo 2 or Sm 2 Fe 17 compounds at 750 °C, the 
disproportionation process occurs preferentially in the grain 
boundary region, as shown in Fig. 6. It can be seen that the 
Sm(Nd)H 2 _ 3 phase surrounds the a-Fe(Mo) phase and con¬ 
stitutes a maze pattern. From SEM observations, we also see 
that the size of a-Fe(Mo) and Sm(Nd)H 2 _ 3 phases increases 
with hydrogenation temperature and time, because the diffu¬ 
sion rate of H, Nd(Sm), and Fe(Mo) atoms increases with 
increasing temperature, and the diffusion distance of these 
atoms increases with time. 

In processes (2), the reaction starts with the detachment 
of H atoms from Sm(Nd)H 2 _ 3 , simultaneously, the Fe and R 
atoms will rapidly diffuse into each other to recombine into 
the original compounds but with much smaller grain size as 
shown also in Fig. 6. The size of the recombined grains is 
vital to permanent magnetic properties of the nitrogenated 
samples because it determines the nitrogen content, x, and 
the amount of the a-Fe phase as well as the amount of re¬ 
verse domain nucleation sites. The grain size is determined 
mainly by the desorption temperature and time. Certainly, the 
size of the cluster of the mixture, which is controlled by the 
hydrogenation time and temperature, will influence the re¬ 
combined grain size. The grain size in the optimized perma¬ 
nent magnets is around 0.3 to 0.5 /rm for Sm 2 Fe 17 N x and 
NdFei 0 Mo 2 N x compounds as determined from transmission 
electron microscopy (TEM) observations. 3 

'J. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1990). 

2 Y. C. Yang, X. D. Zhang, S. L. Ge, L. S. Kong, Q. Pan, S. Huang, and L. 
Yang, Proceedings of the 6th International Symposium on Magnetism An¬ 
isotropy and Coercivity in RE-TM Alloys, edited by S. G. Sanker (Carn¬ 
egie Mellon University, Pittsburgh, PA, 1990), p. 190. 

3 Proceedings of the 12th International Works on RE Magnets and their 
Application, Canberra, July, 1992, p. 44. 

4 S. Z. Zhou, J. Yang, M. C. Zhang, F. B. Li, and R. Wang, as in Ref. 8, 
p. 44. 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Yang et a/ 6055 












Phase formation in melt-spun Nd-Fe-Mo-Ti alloys 

F. E. Pinkerton, C. D. Fuerst, and J. F. Herbst 
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Michigan 48090-9055 

We report for the first time the range of ThMn 12 -type crystal structure formation in melt-spun 
Nd-Fe-Mo-Ti ribbons. These materials, which combine the melt-spun microstructure with the 
favorable intrinsic magnetic properties of the NdFe 12 _ x (Mo,'H) i phase, are important as precursors 
to the formation of hard magnetic materials by nitrogen absorption. Alloys with compositions 
Nd us Fe 1 o+ ;t Mo 2 - 2 *Ti, t (0=S;e=sl), which grade the composition smoothly between the two end 
point alloys Nd u5 FeioMo 2 and Nd u5 Fe n Ti, were melt spun at quench wheel velocities 5 
m/s^Uj^30 m/s. From x-ray diffraction patterns we construct a phase formation diagram as a 
function of Ti content x and wheel speed v s . We find that the desired ThMn ]2 structure is obtained 
only in ribbons quenched at low v s . At higher speeds, the ribbons quench instead into the disordered 
TbCu r type crystal structure. Further, the ThMn 12 structure is considerably less stable at the Ti-rich 
end of the composition range than at the Mo-rich end: for Nd us Fe 10 Mo 2 , the ThMni 2 structure is 
obtained for i) s «17.5 m/s, whereas in Nd 115 Fe n Ti only ribbons quenched at v s =5 m/s are of the 
ThMn 12 type. Heat treatments of Nd U5 Fe u Ti ribbons melt spun at 30 m/s confirm the relatively 
difficult formation of the ThMni 2 structure type; annealing temperatures in excess of 1000 °C are 
required to form the ThMni 2 crystal structure. 


I. INTRODUCTION 

Compounds of the type R(Fe,T) 12 N y (where R=rare 
earth and T includes Ti, Mo, and V) having the tetragonal 
ThMn 12 crystal structure have received increasing scrutiny as 
potential permanent magnet materials since the discovery by 
Yang era/. 1 that the Curie temperature T c , saturation mag¬ 
netization M s , and magnetocrystalline anisotropy field H A of 
RFe u Ti can be enhanced by nitrogen absorption. In the ni- 
trided form, the most promising candidate materials are those 
with R=Nd, for which large saturation magnetizations and 
uniaxial anisotropies are obtained. In the case of T=Mo, for 
example, the anisotropy changes from basal plane in 
NdFe 10 Mo 2 to uniaxial in NdFe 10 Mo 2 N y (y«l), 2 " 4 Of 
T=Ti, Mo, and V, the nitrides of the Ti representative have 
been reported to have the most favorable intrinsic magnetic 
properties, 5 with AttM s =\'5.1 kG and // A = 80 kOe at room 
temperature, and jT c =470 °C (740 K). Magnetic hardening 
of the Ti materials to obtain substantial intrinsic coercivity, 
however, has proven to be difficult: coercivities of only 1.4- 
2.5 kOe have been reported in mechanically alloyed 
powders. 6,7 This appears to be due to the formation of a 
phase having the disordered, hexagonal TbCu 7 structure 8 
which impedes formation of NdFe u Ti characterized by the 
ThMn 12 structure. Greater success has been obtained in ni¬ 
trides of NdFei 0 Mo 2 , where coercivities of 6-9 kOe have 
been reported by nitriding rapidly quenched ribbons either 
directly quenched to a microcrystalline state, 9 or else melt 
spun at high wheel speeds and then annealed. 10 The genera¬ 
tion of high coercivity by both of these techniques relies on 
the formation of ThMn 12 -type material in the ribbons prior to 
nitriding. 

In this article we examine phase formation in melt-spun 
Nd 11 sFei 0+x Mo 2 _ 2 ^Ti x ribbons (O^x^l) as the quench 
rate is varied by changing the quench wheel surface velocity 
v s . The above alloy formulation transforms the composition 
smoothly between the end point compositions NdFe 10 Mo 2 


and NdFe n Ti. We will show that slow quench wheel veloci¬ 
ties favor the formation of the ThMn )2 -type crystal structure, 
whereas higher wheel speeds quench the alloy into the dis¬ 
ordered TbCu 7 -type structure. We have previously reported 
that the ThMn 12 structure is obtained in ribbons quenched at 
wheel speeds up to about u i =17.5 m/s in NdFe 10 Mo 2 , but 
that ribbons spun at i\=20 m/s and above quench into the 
TbCu 7 structure. 9 Here we find that compositions at the Ti- 
rich end are much more readily quenched into the TbCu 7 
structure at wheel speeds at and above 10 m/s. High 
quench rate Nd-Fe-Ti ribbons can be converted into the 
ThMn 12 structure by annealing at temperatures above 
1000 °C. 


II. EXPERIMENTAL DETAILS 

Starting ingots of the form Ndj 15 Feio +J[ Mo 2 _ 2x Ti x (x 
= 0, 0.25, 0.5, 0.75, and 1) were made by induction melting 
the pure elemental constituents in an argon atmosphere. 
ThMni 2 -type Nd-Fe-Mo compounds form over a range of 
Mo contents from NdFe n Mo to NdFe^Mojs; we selected 
NdFe 10 Mo 2 as the x = 0 end point for this alloy series be¬ 
cause it is stable, the melt-spun copate has been well char¬ 
acterized in our previous study, 9 and it forms high coercivity 
ribbon powder upon nitriding. 9,10 Excess Nd was included in 
the alloys because our prior work on nitriding of Nd-Fe-Mo 
precursor ribbons demonstrated that extra Nd was beneficial 
for obtaining large coercivities. 9 The ingots were rapidly 
quenched by melt spinning the molten alloy through a 0.60- 
0.65 mm orifice onto the surface of a Cr-plated copper 
quench wheel. The quench rate was adjusted by varying the 
surface velocity v s of the wheel. The ribbons were ground to 
-325 mesh (<45 /im particle size), and x-ray diffraction 
patterns using Cu -K a radiation were obtained. Powders 
made from NdFe u Ti ribbons melt spun at i> s =30 m/s were 
annealed in vacuum for 10 min at temperatures ranging from 
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FIG. 1. X-ray diffraction patterns for Nd, uFe^+^Moj.^Tt,, ribbons melt 
spun at 15 m/s: (a)x=0.25, (b)*=0.5, and (c)jc=0.75. 

600 to 1100 °C in order to establish the stability of the 
TbCu r type material produced at high wheel speeds. 

III. RESULTS AND DISCUSSION 

The ThMn 12 structure is readily formed in 
Nd! l5 Fe 10 Mo 2 ribbons when the wheel speed is less than or 
equal to 17.5 m/s. 9 At high wheel speeds, above 20 m/s, the 
ribbons quench instead into the disordered TbCu 7 structure 
type. The x-ray diffraction patterns in Fig. 1 illustrate the 
effect on phase composition of moving toward Ti-rich alloys. 
With the wheel speed fixed at 15 m/s, patterns are shown for 
(a) Nd U5 Fe 1025 Mo 15 Ti 0 2 5 ribbons, (b) NdjjjFejo^MojTio^ 
ribbons, and (c) Nd u5 Fe, 0 . 75 Mo 0 5 Ti<, 75 ribbons. Like its 
pure Mo cognate, the *=0.25 sample has a clean ThMn 12 
diffraction pattern. At *=0.5, however, the diffraction pat¬ 
tern has begun to transform into that characteristic of the 
TbCu 7 structure, and hence it represents a partially disor¬ 
dered material. Line broadening due to decreased grain size 
alone cannot account for the observed changes in the diffrac¬ 
tion pattern. At * = 0.75, the transformation into the disor¬ 
dered TbCu 7 structure is complete. 

From x-ray diffraction patterns like those of Fig. 1 we 
construct in Fig. 2 the phase formation diagram as a function 
of composition * (abscissa) and wheel speed (ordinate). 
The filled circles represent samples which fall clearly within 
the ThMn I2 structure type, whereas the open circles represent 
samples having the TbCu 7 -type structure. Partially filled 
circles denote samples which do not cleanly fall into either 
one of the two structure types, and signify in most cases a 
partially transformed material. The demarcation between the 
two structure types moves to significantly lower wheel 
speeds with increasing Ti content, indicating that the forma¬ 
tion of the disordered TbCu 7 structure is much more favor¬ 
able at high Ti content. 
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FIG. 2. Phase formation in melt-spun Nd-Fe-Mo-Ti ribbons: (•) ThMn 12 , 
(O) TbCu 7 structure. Half-filled symbols represent partially transformed ma¬ 
terial. 


Lattice parameters as a function of Ti content are shown 
in Fig. 3 for the ThMn 12 -type ribbons quenched at a wheel 
speed of 5 m/s. The lattice constants were obtained from the 
d spacings of the well defined and isolated 301 and 002 
diffraction peaks, and checked against the positions of sev¬ 
eral additional peaks. Contraction of the lattice with increas¬ 
ing Ti content * occurs predominantly in the basal plane, 
while the change in the c-axis lattice spacing is small. Al¬ 
though the ThMni 2 structure is maintained throughout the 
composition range, the lattice constants do not obey Vegard’s 
law: a minimum in each of the lattice constants is observed 
at about *=0.75. 

Figure 4 shows x-ray diffraction patterns of NdFe u Ti 
ribbons melt spun at a wheel speed of 30 m/s and subse¬ 
quently annealed for 10 min at temperatures between 700 
and 1100 °C. The as-spun ribbons, shown in Fig. 4(a), have a 
few weak diffraction peaks, at line positions consistent with 




FIG. 3. Lattice parameters a and c for Nd, 15 Fe, 0+x Mo 2 _ 2x Ti x ribbons melt 
spun at u,=5 m/s as a function of Ti content x. 
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28 (degrees) 

FIG. 4. X-ray diffraction patterns of Nd UJ Fe u Ti ribbons for several anneal¬ 
ing temperatures: (a) as spun, (b) 700 °C, (c) 900 °C, and (d) 1100 °C. 


the TbCu 7 structure, on top of a broad amorphous back¬ 
ground. When annealed at 700 °C [Fig. 4(b)], a well-defined 
TbCu 7 line pattern emerges, in agreement with the work of 
Itsukaichi et al. n A small amount of or-Fe is also present in 
this sample. The TbCu 7 structure is maintained for annealing 
temperatures up to 900 °C [Fig. 4(c)], where a close exami¬ 
nation shows additional structure in the diffraction peaks in¬ 
dicating that the material has begun to transform into the 
ThMn 12 structure. The transformation is complete at 
1100 °C, where the diffraction pattern is almost entirely 
ThMn 12 -like (small impurity peaks are observed at 26 
=26.8°, 30.8°, 40.5°, and 53.5°). The relatively high anneal¬ 
ing temperature required to transform the ribbons conobo¬ 
rates the phase formation diagram of Fig. 2, emphasizing the 
relative difficulty in forming the ThMn 12 -type structure in 
Ti-rich ribbons. 
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In conclusion, we have established the phase formation 
diagram of melt-spun Ndi 15 Fe 10+1 .Mo 2 _ 2x Ti x as the compo¬ 
sition is changed smoothly between Nd! 15 Fe 10 Mo 2 and 
Nd 715 Fe n Ti and the quench wheel speed is varied from 5 to 
30 m/s. The ThMni 2 crystal structure, which is favorable for 
the formation of hard magnetic material by nitriding, is ob¬ 
tained only a low wheel speeds. At higher speeds, the rib¬ 
bons quench into the disordered TbCu 7 structure. The TbCu 7 
structure is particularly stable at the Ti-rich end of the com¬ 
position range, and in NdFe n Ti the ThMn, 2 structure is ob¬ 
tained only by quenching at very low speeds {v s =5 m/s) or 
by annealing the ribbons at temperatures above 1000 °C. 
This poses a serious challenge to the generation of useful 
coercivity in ThMn ]2 -type Nd-Fe-Ti-nitride. 
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In-plane magnetized YIG substrates self-biased by SmCo based sputtered 
film coatings 
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Highly anisotropic SmCo based films with the TbCu r type structure have been sputter deposited 
directly onto YIG substrates. The SmCo crystallites have the c axes approximately randomly 
splayed about the substrate plane such that the easy direction of magnetization of the SmCo film is 
in the film plane. The in-plane static energy product of the SmCo film layers was about 16 MG Oe. 

In-plane vibrating sample magnetometer hysteresis loops of the SmCo film and YIG substrate 
exhibit a composite form with the YIG field reversal shifted into the first quadrant by the looping 
field from the SmCo film layer. Approximately 4X4 mm 2 pieces of YIG substrate have been 
measured to determine the YIG bias field and field required for reverse saturation of the YIG as a 
function of the SmCo based film layer thickness to YIG substrate thickness. It is observed that for 
SmCo to YIG thickness ratios greater than 0.22, the looping field from the SmCo film layer is 
sufficient to saturate the YIG magnetization in the reverse direction. SmCo film thicknesses in the 
range from 80 to 120 pm have been used in these studies. Special boundary layers have been used 
to promote thick film adhesion to the YIG substrates. 


INTRODUCTION 

Magnetic ceramics are often used in microwave circuits 
to provide an active element for micicv/ave circulators and 
isolators. In use the magnetization of the magnetic ceramic is 
generally saturated through the use of bulk pieces of magnet 
surrounding the device. 1,2 Such an arrangement is not ame¬ 
nable to direct film integration of such devices. To provide an 
alternative arrangement in which the magnetic ceramic can 
be biased we have deposited SmCo based permanent magnet 
film layers directly onto YIG substrates. The SmCo based 
films were directly crystallized onto the YIG substrates such 
that the permanent magnet film layer has the easy axis of 
magnetization strongly aligned onto the substrate plane. The 
looping field of the SmCo film layer then acts to bias the 
YIG substrate in the reverse direction. The YIG bias field 
level and the field required for complete reverse field satura¬ 
tion of the YIG has been studied as a function of the SmCo 
film layer thickness to YIG substrate layer thickness. Perma¬ 
nent magnet film layer thicknesses from 80 to 120 pm have 
been studied. To promote adhesion of such films onto the 
YIG substrates special boundary layers have been used. 

EXPERIMENT 

Highly anisotropic SmCo based films containing traces 
of Cu and Zr as in SmCo based 2-17 magnets have been RF 
sputter deposited onto polished YIG substrates. The sub¬ 
strates were heated so that the deposit crystallized upon 
deposition into a single phase TbCu 7 -type structure. 3 The 
nominal film Sm concentration was 14 at. %. The sputtering 
conditions were adjusted so that the c axes of the TbCu 7 
structure were in the film plane and nearly randomly splayed 
about the film plane. 4 To promote thick film adhesion a 
boundary layer of dense A1 was deposited onto the polished 
YIG substrates before the SmCo based deposition. 5 The 
magnetic properties were measured at room temperature to 


±18 kOe using a vibrating sample magnetometer (VSM). In 
addition, a bipolar power supply was used to sweep the low 
field region for certain samples. Sample pieces of SmCo 
based film and YIG substrate were cut for VSM measure¬ 
ments using a diamond wire saw. 

RESULTS AND DISCUSSION 

Figure 1 shows the cross section of a 118 /xih thick 
SmCo based film that was directly crystallized onto a 635 
/um thick YIG substrate. A 1.5 /rm boundary layer of dense 
aluminum was first sputter deposited onto the YIG substrate 
to promote film adhesion. The resulting film and YIG sub¬ 
strate can be patterned by photolithography methods or cut 



FIG. 1. The cross section of a 118 /xm thick SmCo based film with in-plane 
anisotropy directly crystallized onto a boundary layer coated YIG substrate 
is shown. The YIG substrate is along the left edge of the figure. 
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FIG. 2. An x-ray diffractometer trace, CuKa radiation, of the SmCo film of 
Fig. 1 is shown. Note that the crystallites have the c axes aligned onto the 
film plane. 

as desired without the film and substrate delaminating. The 
SmCo based film was crystallized into the TbCu 7 disordered 
1-5 type structure. An x-ray diffractometer trace of such a 
film is shown in Fig. 2. The only lines above background 
correspond to the (110) at 20=36.43° and the (200) reflec¬ 
tion at 42.25°. It should be noted that all crystallites have the 
c axes aligned onto the plane of the substrate, but that there 
is a nearly random splaying of the c axes about the film 
plane. In some cases the SmCo based film was sputter de¬ 
posited with a mask used to form a pattern in the film depos¬ 
ited onto the YIG substrate. The hysteresis loops measured in 
the film plane and perpendicular to the plane for a piece 
removed from the mask are shown in Fig. 3. In this way the 
magnetic properties of the SmCo based film can be measured 
from the same sputter deposition as used for the SmCo film 
layer deposited onto the YIG substrate. The magnetic prop¬ 
erties show that the easy direction of magnetization of the 
SmCo film layer is in the film plane. The typical remanent 
flux density is approximately 8 kG which is consistent with a 



FIG. 3. Hysteresis loops are shown measured in-plane and perpendicular to 
the plane for a 118 /xm thick TbCu 7 -type SmCo based film. 


FIG. 4. Hysteresis loops measured in-plane and perpendicular to the plane 
of a 635 /xm thick YIG piece are shown. The YIG area was 4.3X4.5 mm 2 . 
Arrows are shown to indicate that each loop retraces itself. 

random splaying of the crystallites in two dimensions. The 
expected remanent to saturation flux density in this case is 
2/7r=0.64. 6 The room temperature static energy product of 
the SmCo based film is *=16 MG Oe. In this particular case 
the room temperature ,H C = 6.0 kOe so that the energy prod¬ 
uct is not coercivity limited. 

Figure 4 shows in-plane and perpendicular to the plane 
hysteresis loops for a bare YIG substrate piece measuring 
4.3X4.5X0.635 mm 3 . Arrows are shown to indicate that 
each loop retraces itself with no apparent hysteresis to the 
scale shown. The YIG flux density passes through zero for 
zero applied field so that the YIG bias value is zero. For this 
size piece a reverse in-plane applied field of 200 Oe is re¬ 
quired to saturate the bare YIG substrate. The perpendicular 
applied field required for saturation is about 1200 Oe. The 
field values required for saturation are set by the demagneti¬ 
zation field due to the shape of the YIG piece. 

Figure 5 shows the composite in-plane hysteresis loop of 


118 Mm SmCo On 635 nm YIG 



FIG. 5. An in-plane hysteresis loop for 118 /um thick SmCo based film 
deposited onto a 635 y .m thick polished YIG substrate are shown. Arrows 
indicate the magnetization progression. 
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FIG. 6. An in-plane hysteresis loop for a 118 /tun thick SmCo film on a 316 
(im thick Y1G substrate is shown in the inset. The main figure shows an 
expanded field view of the region indicated by the rectangle, The YIG bias 
level due to the presence of the SmCo film is indicated as well as the field 
at which the YIG becomes saturated in the reverse direction. Note that the 
YIG is saturated in the reverse direction when the applied field is stiil 4 60 
Oe in the opposite direction. The arrow indicates that the applied field was 
decreased. 


a 118 fim thick SmCo based film as deposited onto a 635 fim 
thick YIG substrate. The applied field range shown is from 
±20 kOe. Arrows on the curve indicate the magnetization 
and demagnetization progression. For the upper branch the 
sharp drop near H =0 is when the YIG emu value reverses. 
In this case the SmCo and YIG substrate size measured was 
3.5 x 3.3 mm 2 . The relative SmCo to YIG emu value jumps 
are in the ratio of the remanent flux density of the SmCo 
layer mes the thickness of the SmCo layer to the saturation 
flux density of the YIG layer times the YIG thickness. The 
remanent SmCo flux density is 8.0 kG while that of the YIG 
is 1.7 kG. A SmCo to YIG film thickness ratio of 1.7/8.0 
=0.21 would show the YIG reverse saturation step level at 
the zero net emu level. For Fig. 5 the SmCo to YIG thickness 
ratio is 0.186 and thus the YIG emu contribution exceeds the 
SmCo contribution. 

Hysteresis loops were measured to saturation in the film 
plane for a 118 fim thick SmCo based film on a YIG sub¬ 
strate for successive steps as the YIG substrate was mechani¬ 
cally thinned. Figure 6 shows the SmC>YIG magnetization 
progression as the field was swept from ±18 kOe. The de¬ 
crease in the total SmCo-YIG emu value due to the YIG 
magnetization reversal is shown with an expanded scale as 
the applied field was lowered from +400 to -100 Oe, as 
indicated by the arrow direction. This expanded scale region 
corresponds to the rectangular region indicated in the inset 
figure. The expanded scale date was collected with a field 
step size of a few Oe. The expanded scale part of the figure 
shows that the YIG reversal occurred before the applied field 
had been reduced to zero. For the substrate thinning step 
shown in Fig. 6 the YIG substrate thickness was 316 fim for 
a film to YIG thickness ratio of 0.373. In this case it should 



FIG. 7. The YIG bias level and the applied field level following magneti¬ 
zation at which the YIG becomes saturated in the reverse direction as a 
function of the SmCo to YIG thickness ratio are shown. 

be noted that the YIG bias field value due to the presence of 
the SmCo film is 150 Oe. The internal field of the YIG is 
thus zero when the applied field has only been lowered to 
+150 Oe. In this case the YIG reverse emu value has satu¬ 
rated when the applied field has been reduced to +60 Oe. 
The looping field from the SmCo based layer is thus suffi¬ 
cient to completely saturate the YIG in a reverse direction 
when the external applied field is =£60 Oe. The looping field 
from such a SmCo based film has been used similarly to bias 
permalloy strips 7 and in the construction of a magneto-optic 
waveguide isolator. 8 

Figure 7 shows the YIG bias level, and the field required 
for reverse saturation of the YIG, as a function of the SmCo 
to YIG thickness ratio. For SmCo to thickness ratios of 
>0.22 the magnetization of the YIG is reverse saturated by 
the presence of the SmCo layer. The YIG bias level and the 
field required for reverse YIG saturation become closer to¬ 
gether as the YIG thickness is decreased because the demag¬ 
netization values decrease. 
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Transverse susceptibility and magnetic anisotropy of CoTi-doped barium 
hexaferrite single crystals 

G. Zimmermann and K. A. Hempel 

Institut fur Werkstoffe der Elektrotechnik, Aachen University of Technology, Templergraben 55, 52056 
Aachen, Germany 

Measurements of the reversible transverse susceptibility (RTS) were performed on 
BaFe^-j-yCOjTiyOjg single crystals with doping concentrations 0.77 under different 
angles # 0 between the easy axis and applied field. For intermediate doping concentrations the 
occurrence of a peak in the RTS curve for $ 0 =90° indicates that the domain walls are not free to 
move. This assumption is confirmed further by the large component of the RTS being out of phase 
with respect to the excitation field H E . The phase angle of the initial susceptibility measured parallel 
to the easy axis becomes maximum at a characteristic excitation field value H Ec and a relaxation 
of the susceptibility is observed if H E steps from zero to a value larger than H E C . Using the RTS 
curve for # 0 =0 and assuming that the peak of the RTS is located at the same field strength as if the 
particle were single domain, the first-order anisotropy field f/ A = 2/f 1 /(/u, 0 A/ s ) and the second-order 
anisotropy constant K 2 can be determined. The values found this way are compared to .esults from 
magnetization-curve analysis and from other authors. 


I. INTRODUCTION 

Due to their wide applicability, A/-type barium hexafer- 
rites with substitutions of Co 2+ and Ti 4+ were the subject of 
many theoretical and experimental investigations. 1 Most of 
the experimental work was done on isotropic polycrystalline 
powder samples and aimed at the dependence of saturation 
magnetization and magnetic anisotropy on the doping 
concentration. 2,3 

There was an attempt recently to clarify the resulting and 
partially conflicting theories of magnetization and anisotropy 
by analyzing magnetization curves of single crystals over a 
wide range of fields and temperatures. 4 One focal point of 
this investigation was the independent determination of the 
first- and second-order anisotropy constants Kj and K 2 . The 
aim of this paper is to present new data for these constants 
obtained by measurements of the reversible transverse sus¬ 
ceptibility (RTS) on BaFe 12 _ x - > Co^Ti > ,0 19 single crystals at 
room temperature. Results from analysis of the magnetiza¬ 
tion curve in the magnetically hard direction are given for 
comparison, and the observed time dependence of the initial 
susceptibility is described in order to give more insight into 
the magnetization process. 


II. TRANSVERSE SUSCEPTIBILITY 

The reversible transverse susceptibility (RTS), which 
measures the change of magnetization in the direction of a 
small excitation field applied perpendicular to a bias field H, 
was investigated theoretically for uniaxial single-domain par¬ 
ticles by Aharoni et al 5 In the case of perpendicular orienta¬ 
tion of bias field H and easy axis (# 0 =90°), the theory pre¬ 
dicts an infinite RTS in the (H, easy axis), plane at field 
strengths sufficient for saturation. Assuming a single crystal 
with an ellipsoidal shape, coinciding crystalline and rota¬ 
tional axes, and demagnetizing factors and N L parallel 
and perpendicular to these axes, the saturating field is given 
by 


( 2K \ 2 K 

1 + t;) + {Ni - n \\> m ° =h a + y; H a ’ 

where H A = (2K l )/(/ji Q M s ) is the first-order anisotropy field, 
K )>2 are the first- and second-order anisotropy constants, M s 
the saturation magnetization, and /i o =47rX10~ 7 (V s)/(A/m). 

If the direction of H coincides with the easy axis of the 
particle (# 0 =0), the transverse susceptibility measurement 
yields H ' A , which is not influenced by K 2 . 6 ’ 7 Thus, the com¬ 
parison between H s and H A in principle gives the opportu¬ 
nity to determine both the anisotropy constants of a single¬ 
domain particle. If, on the other hand, a multidomain single 
crystal is considered, the theory predicts a jump of the RTS 
at the transition into the single-domain state. Since in prac¬ 
tice there is no sharp kink, as expected theoretically, it is 
generally impossible to get information about K 2 from RTS 
measurements of multidomain particles. 8 

III. DETERMINATION OF ANISOTROPY CONSTANTS 

We investigated five irregularly shaped 
BaFe !2 - A _^Co^Ti y 0 19 single crystals, which were prepared 
by slow cooling 9 of Ba0-BaF 2 -B 2 0 3 melts (Table I). The 
samples were oriented in a field of 1600 kA/m and fixed 
using liquid adhesive. Subsequently, we measured the mag¬ 
netization curves parallel and perpendicular to the easy axis 
in a vibrating sample magnetometer and the RTS under dif- 


TABLE I. Dopant concentrations, weight, and saturation magnetization of 
the investigated single crystals. 


Sample 

B a Fe 1 2-*-yCo J tTij,O w 

m 

x y (10~ 3 g) 

M, 

(kA/m) 

1 

0 

0 

17.9 

380 

2 

0.09 

0.1 

14.3 

372 

3 

0.40 

0.45 

19.9 

365 

4 

0.58 

0.58 

43.0 

333 

5 

0.77 

0.77 

46.4 

310 
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FIG. 1. In-phase component of the RTS of sample 2 for different angles O 0 , 
The measuring frequency was 5 kHz and the excitation field strength 
15 A/m. 


ferent angles d 0 with an experimental setup similar to that 
described in Ref. 7, each time starting with a field of 1600 
kA/m. 

Whereas the undoped single crystal exhibits a qualita¬ 
tively good agreement with the theoretical RTS curves for 
the multidomain case, a peak of the RTS occurs for # 0 =90° 
even for the small doping concentration x^O. 1 (Fig. 1). If x 
and y increase, the RTS curves become more and more simi¬ 
lar to the curves predicted by single-domain theory, indicat¬ 
ing that the domain walls do not move without energy con¬ 
sumption (as presumed for the theoretical investigation). 8 
The location of the peak, as well as its shape, do not depend 
on the measuring frequency in the range between 1 and 150 
kHz and on the strength of the excitation field which was 
increased to 90 A/m. 

Identifying the field of the RTS peak with H s and using 
the RTS curve and the magnetization curve for tf 0 =0 for the 
determination of H \, N \\, and N x , the values of H A and K 2 
given in Table II are yielded. In addition, we evaluated H A 
and K 2 using a Sucksmith-Thompson (ST) plot of the mag¬ 
netization curve in the magnetically hard direction. 10 The 
room temperature values of H A obtained in Ref. 4 by the 
same method are given for comparison. 

IV. OUT-OF-PHASE COMPONENT AND TIME 
DEPENDENCE 

The assumption of a damped domain wall motion is con¬ 
firmed further by the appearance of a large out-of-phase 
component of the RTS for samples 2, 3, and 4 (Fig, 2). In 

TABLE II. First-order anisotropy field H A and second-order anisotropy con¬ 
stant K 2 determined by RTS measurement and Sucksmith-Thompson plot 
(ST), respectively. The > values are given in Ref. 4 and were obtained by 
the ST method. 


X 

fyl.RTS 

(kA/m) 

^2,RTS 

(MJ/m 3 ) 

Ha.sv 

(kA/m) 

^2,ST 

(MJ/m 3 ) 

(kA/m) 

0 

1381 


1289 

=50.001 

1305 

0.09 

1370 

0.006 

1270 

0.002 

1241 

0.40 

1069 

0.007 

914 

0.005 


0.58 

531 

0.019 

429 

0.012 

454 

0.77 

135 

0.03 

175 

0.029 

40 
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FIG. 2. Out-of-phase component of the RTS of sample 2 under the same 
conditions as in Fig. 1. 


order to get more insight into this effect, we measured the 
initial susceptibility parallel to the easy axis. Figure 3 shows 
the dependence of the phase angle of the initial susceptibility 
on the strength of the excitation field H E , where we use 
X=x'~ix" 0 = V“T). The most striking result is the ex¬ 
istence of a maximum for the three samples with low and 
medium degree of doping at a characteristic excitation field 
H e c of about 45 A/m. The )/'/x' ratio depends weakly on 
the measuring frequency in the 1-150 kHz range (Fig. 4). As 
a corresponding effect in the time domain, a relaxation of the 
susceptibility with a time constant r of about 20 s at room 
temperature can be observed on samples 2, 3, and 4 (Fig. 5), 
provided that H E steps from zero to a value larger than a 
threshold value H E T **H E C . If the temperature is increased 
up to 50 °C, r decreases to one-tenth of its room-temperature 
value and becomes undetectable with our measuring equip¬ 
ment at a temperature of 100 °C. If we thus assume a ther¬ 
mally activated process with T=T 0 exp(AW7£jT), we yield 
r o , «2X10 -11 s and AW^O^ eV at a rough estimate. A simi¬ 
lar activation energy, as well as the existence of a threshold 
field, was found by Enz et al. u on Si-doped YIG and as¬ 
cribed to a diffusion aftereffect 12 involving electron transi¬ 
tions between Fe 2+ and Fe 3+ ions. It is remarkable, in this 
context, that Simsa et al. deduced from their measurements a 
preferred occupation of 1 2k instead of 4/ 2 , sites by the Co 
and Ti ions in the hexagonal fundamental cell in case of 



0 10 20 30 40 50 60 70 80 90 
H g (A/m) 

FIG. 3. Phase angle of the initial susceptibility as a function of the excita¬ 
tion field strength H t . The measuring frequency was 1 kHz 
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FIG. 4. Phase angle of the initial susceptibility as a function of the measur¬ 
ing frequency. The excitation field strength was 15 A/m. 

increasing dopant concentrations. 4,13 The present results are 
not sufficient to enlighten the conceivable connection be¬ 
tween these observations. 

V. CONCLUSION 

The first-order anisotropy field values determined by 
measurement of the reversible transverse susceptibility par¬ 
allel to the easy axis of the single crystals and by analysis of 
the magnetization curve in the perpendicular direction are in 
a good agreement with the results of other authors. 2,3,4 

By contrast, the values obtained for the second-order 
anisotropy constant differ both for the two methods used 
here and in comparison with results published elsewhere. On 
one hand, this reflects the general difficulty in rhe experi¬ 
mental determination of K 2 ; on the other hand, it might in¬ 
dicate that the observed curvature of the magnetization 
curves is not due to the influence of the second-order anisot¬ 
ropy constant. Despite a possibly large error in the absolute 
value of K 2 , both methods however do not indicate a de¬ 
crease for higher dopant concentrations, as was found by 
other authors. 4 

The existence of a peak in the -eversible transverse sus¬ 
ceptibility as well as the appearance of a large out-of-phase 
component indicates a heavily impeded wall motion for in¬ 
termediate doping concentrations. This assumption is con¬ 
firmed by time domain measurements, which show a relax¬ 
ation of the initial susceptibility with a thermally activated 


FIG. 5. Relaxation of the initial susceptibility of sample 3 at room tempera¬ 
ture. The excitation field is applied parallel to the easy axis and steps from 
0 to 30 A/m. 

relaxation time. Further investigations are necessary to 
clarify the suggestive inteipretation of these results in terms 
of a diffusion damped domain wall motion, possibly due to 
distribution of the Co and Ti ions on energetically different 
lattice sites depending on the direction of magnetization. 
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Preparation of high-coercivity fine barium ferrite powder 

W. A. Kaczmarek and B. W. Ninham 

Research School of Physical Sciences and Engineering, Australian National University, Canberra, 

A.C.T. 0200, Australia 

The structural and magnetic properties of the thermally activated transformation from nanostructural 
material, mechanically disordered and decomposed BaFe 12 0 19 ferrite powder to pure crystalline 
phase, have been studied by x-ray diffraction, scanning electron microscopy, and vibrating sample 
magnetometry analysis techniques. All experiments were performed on as-milled (1000 h) in air, 
and in vacuum and annealed Ba-ferrite samples (4 h at 773 and 1273 K). In parallel with the 
structure and particle morphology changes, we investigate the influence of heat treatment on the 
powder M-H hysteresis parameters in relation to the preparation routes, i.e., powder obtained by ball 
milling in air and vacuum, and annealed in air or vacuum. 


I. INTRODUCTION 

The first experiments dealing with the effect of milling 
on the magnetic properties of barium ferrite were conducted 
more than twenty years ago. 1,2 However, particles obtained 
were well above the single-domain critical size (~1 /xm at 
room temperature); and the results of magnetic measure¬ 
ments were ambiguous because they reflect the influence of 
structural deformation and lattice defects. Likewise, simple 
milling techniques used in those studies suffered from lack 
of control and precision in prescribing required milling con¬ 
ditions. Only in a recently introduced new type of ball mills 
can the milling process be controlled with required 
precision. 3,4 The present report is part of a wider project in 
which the influence of effects induced during mechanical 
processing on the gas-solid state surface interface on com¬ 
plex oxide systems is investigated. The influence of ball mill¬ 
ing of BaFei 2 0 19 ferrite powder on its structure and particle 
morphology was described in a previous paper. 5 In this study, 
along with the structure changes we investigate the influence 
of heat treatment on the powder particle morphology and 
magnetic properties in relation to preparation routes, i.e., 
powder obtained by ball milling in air and vacuum. 

II. EXPERIMENT 

High-purity (99.99 wt %) barium ferrite powder 
(BaFe 12 0i 9 ) with particle size distribution in the 0.5-50-/im 
range from Alfa Products/Johnson-Matthey was used as a 
starting material. Starting sample characterization and me¬ 
chanical ball milling preparation details were described ex¬ 
tensively in the previous paper. 5 An additional two samples 
were obtained by milling in air and in low-pressure “techni¬ 
cal” vacuum (~10 2 Pa) for 1000 h. All three samples will be 
denoted in this paper as Ba-ferrite, A1000, and V1000, re¬ 
spectively. Heat treatment was performed on A1000 and 
V1000 powders at temperatures of 773 and 1273 K in air 
atmosphere, and in vacuum (sealed quartz tube) for 4 h. The 
experiments then yielded samples designated: for air milled 
material AA773, AA1273 (annealed in air) and AV773, 
AV1273 (annealed in vacuum) samples and for vacuum 
milled powder VA773, VA.1273 (annealed in air) and W773, 
W1273 (annealed in vacuum) respectively. Particle mor¬ 
phology was examined by direct observation of gold-coated 
samples on a JEOL SEM 6400 scanning electron micro¬ 


scope. Structural characterization was performed using a 
Philips x-ray powder diffractometer employing Co Ka (\ 
=1.789 nm) radiation. Supplementary 1 rmo-gravimetric 
experiments were performed in a Sh un TGA-50H sys¬ 
tem. The dc magnetic field behavior of the material was in¬ 
vestigated from the initially magnetized sample using a vi¬ 
brating sample magnetometer PAR 155. All magnetic 
measurements were performed at room temperature on disk¬ 
shaped (4 mm) samples. 

III. RESULTS AND DISCUSSION 
A. X-ray diffraction 

X-ray diffraction (XRD) patterns of as-milled powders 
are presented in Figs. 1(a) and 2(a). For sample A1000 two 
main crystalline phases were distinguished: dominant lines 
characteristic for a-Fe 2 0 3 structure indexed and marked by 
F(hkl), and the remaining, most intense, reflections from 
barium ferrite marked as (B) and indexed below for sample 
AA1273. In the early study, 1 directly after milling no second 
phase was detected by XRD analysis (only subsequently, af¬ 
ter annealing at 1273 K). Comparing the above with the 
XRD pattern for sample V1000, a strong tendency to form 
disordered phase was found. Peaks observed belong to the 
hematite phase, but additional broad features were assumed 
to be from nanocrystalline Ba-ferrite phase. Annealing at 773 
K shows a complex mixture of two phases, and the influence 
of air pressure during heat treatment was observed. Charac¬ 
teristic XRD lines for both structures are clearly visible, and 
the broad feature (20=36° and A20=1O.5°) of V1000 has a 
tendency to disappear. XRD patterns from AV773 and 
VV773 are more similar than those seen for air-annealed 
powders. We assume that unlike the air-milled sample, the 
vacuum-milled sample has oxygen deficiency. Annealing in 
air allows restoration of stoichiometric proportions. Heat 
treatment at 1273 K for 4 h produces complete hexagonal 
structure restoration for either vacuum- or air-annealed 
samples and, contrary to results presented above for lower 
annealing temperature, present XRD patterns are the same. 
In Figs. 1(d) and 2(d) powder samples annealed in air are 
presented. We note that particle crystallographic structure is 
uninfluenced by different annealing atmosphere and the time 
required for “recrystallization,” or to annihilate any defect 
induced by ball milling is relatively short when compared to 
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FIG. 1. XRD patterns evolution of the air-milled BaFe 12 0 19 powder for 
different annealing temperatures. Peaks are indexed by: F: a-Fej0 3 and B: 
BaFe 12 0i 9 . 

that usually expected for “ordinary powder process.” Partial 
decomposition during prolonged milling cannot produce 
completely separated hematite and barium oxide particles. 
Rather, it takes place as a microscale phase separation, and 
produces multigrain nanostructural particles of the three 
phases. Then, the subsequent reaction requires only a short- 
distance diffusion between the grains within a particle. 

B. Scanning electron microscopy 

In Fig. 3, SEM micrographs of A1000 and V1000 as- 
milled powders as compared with samples annealed at 1273 
K are presented. Different behavior was observed for each. 
As a result of milling, instead of clusters of fine particles 



FIG. 2. XRD patterns evolution of the vacuum-milled BaFe 12 0 19 powder 
for different annealing temperatures. 



A 1000 -ipm V 1000 —1pm 



AA 1273 - 1pm VA 1273 - 1pm 



AV 1273 - 1pm W 1273 - 1pm 


FIG. 3. SEM analysis of as-milled (A1000) and (V1000), and annealed at 
1273 K in air (AA and VA) and vacuum (AV and VV) powders. 


seen for the first powder, a tendency to form larger and more 
spherical particles can be noticed for the vacuum milled 
powder. Annealing at both 773 and 1273 K (air or vacuum) 
of A1000 and V1000 powders results in the same particle 
characteristics, as compared with material before annealing. 
Due to the short time of heat treatment, individual particle 
shape was found to be insensitive to process temperature and 
atmosphere. After annealing the particle size remains in the 
range 0.1-0.4 pm and 1-3 pm, respectively, for air- and 
vacuum-milled powders. 

C. Magnetic properties 

From early reports on magnetic properties of milled 
barium ferrite it has been well established that overall mag- 
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TABLE I. Values of magnetic hysteresis parameters: volume saturation, 
remanence, and coercivity. All parameters measured at room temperature. 
Maximum magnetic field applied 1 T. 

Sample 

M, 

(kA/m) 

M r 

(kA/m) 

He 

(kA/m) 

BaFe 12 0i9 

380.0 

254.7 

74.4 

A1000 

13.0 

2.7 

44.6 

AA773 

28.4 

5.3 

99.5 

AV773 

52.1 

25.2 

187.8 

AA1273 

347.8 

222.8 

445.6 

AV1273 

344.1 

203.5 

393.9 

V1000 

13.8 

3.2 

35.0 

VA773 

13.9 

3.6 

58.5 

VV773 

22.9 

5.6 

60.9 

VA1273 

335.4 

197.6 

434.5 

W1273 

343.0 

199.2 

429.7 


netic properties are greatly affected by milling and annealing 
processes. 1,2 Our findings confirm these conclusions. From 
the results of hysteresis measurements performed at room 
temperature presented in Table I, it is clear that for as-milled 
samples A1000 and V1000 all parameters are extremely low 
by comparison with the premilled powder. After subsequent 
annealing at 773 K, only minimal changes of hysteresis pa¬ 
rameters are observed. The most significant improvement of 
overall magnetic properties was recorded for powders an¬ 
nealed at 1273 K. Magnetic hysteresis curves for some of 
these powders are presented in Fig. 4 and all parameters are 
listed in Table I. 

We note that after annealing at 1273 K hysteresis param¬ 
eters are weakly dependent on the milling air pressure. How- 



FIG. 4. Magnetization in a function of external magnetic field showing the 
effect of annealing at 1273 K on milled Ba-fetritc powders. 


ever, slightly higher M s values were observed for air-milled 
powders AA1273 and AV1273. On the other hand, annealing 
in air promotes minimally higher H c values. We assume that 
different particle morphology as seen in Fig. 3 is directly 
responsible for magnetic parameter value fluctuations. It is 
obvious that independently of particle size, for either air- or 
vacuum-milled powders, the observed M s values are close to 
values measured for a starting powder (-90%), but of im¬ 
portance is the fact that the coercivity increases over six 
times and reaches a value 445.6 kA/m. This value is typical 
of chemically coprecipitated fine Ba-ferrite powders where 
perfect crystal structure assures a defect and stres: - r ree 
spin arrangement with high magnetocrystalline anisotropy 
energy. 6 According to the Stoner and Wohlfarth theory of 
coherent rotation, 7 the theoretical coercivity for a random 
assembly of Ba-ferrite particles would be H c = 0.96 
KilM s =66A kA/m (substituting K=+ 33 MJ/m 3 and M s 
= 390 kA/m). The last value is higher than any experimental 
value ever obtained on mechanically processed powders, 
Mossbauer spectroscopy results in the same powders will be 
presented subsequently. 8 

IV. CONCLUSIONS 

We found that, depending on milling atmosphere (air or 
vacuum), the final average particle sizes are different —0.3 
and —1 /zm, respectively, with multiphase nanostructure. 
Low values of magnetization and coercivity, characteristic 
for decomposed Ba-ferrite, were found for as-prepared 
samples. With heat treatment, structural and magnetic prop¬ 
erties were altered, but the particle morphology is retained. 
Annealing at 773 K produces more obvious changes in mag¬ 
netic properties; however, with powders annealed at higher 
temperature, significant values M s = 335.4-347.2 kA/m 
and H c = 393.9-445.6 kA/m were obtained. The M s value 
is near the typical value for Ba-ferrite powder (<10%), but 
the H c value was improved quite remarkably, by a factor of 
six, as a result of fine crystal grain size produced by short 
annealing time. 
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Nitriding studies of aligned high anisotropy ThMn 12 -type NdFe^Co^yMOyN 
film samples (abstract) 

A. Navarathna, P. Samarasekara, H. Hegde, R. Rani, and F. J. Cadieu a) 

Physics Department, Queens College of CUNY, Flushing, New York 11367 

Highly aligned film samples of ThMn ]2 -type NdFe 12 - > ,- 2 Co y Mo Z) y+z^ 1, have been directly 
crystallized onto heated substrates by rf sputtering. The deposited films have then been nitrided at 
different nitriding pressures and temperatures to determine the optimum conditions to maximize the 
coercivity. The films have generally been (002) textured so that the easy axis of magnetization of the 
nitrided films is perpendicular to the film surface. For low Co concentrations it has been possible to 
enhance the saturation flux densities, the coercivity, and the anisotropy field of the nitrided samples. 

Maximum room temperature coercivities and anisotropies of 11.3 and 145 kOe were obtained for a 
ThMn 12 -type Nd 89 Fe 803 Co 60 Mo 4 8 N (002) textured film sample. At lower temperatures the 
coercivity and anisotropy rose smoothly to 29.5 and =200 kOe respectively by 10 K. Based on 
nitriding studies on similar films, all nitride sites should be occupied at =1 N per ThMn 12 formula 
unit for the high coercivity films. Previously NdFe n Co 0 S Mo 0 5 N films were reported with a room 
temperature BH max =46.3 MGOe at 293 K and 59.6 MGOe at 10 K. 1 In general, films that have been 
made to exhibit a gradient in any one component have exhibited lower energy products due to either 
a reduced coercivity or to shouldered hysteresis loops. 
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The first ab initio electronic structure calculations of the magnetocrystalline anisotropy of 
superlattices wi» v imperfect interfaces are presented. Specifically the possibility of an interdiffusion 
between the layers at the interface in Co/Pd and Co/Pt superlattices is considered. The electronic 
structure calculations use the local spin-density formalism as implemented with the layer Korringa- 
Kohn-Rostoker method. Interdiffusion at the interface is modeled in two distinct ways. In the first 
approach a diffuse interface is represented by ordered arrangement of substitutions, while in the 
second approach interdiffusion is assumed to produce a substitutionally disordered random alloy on 
the layers at the interface, which is solved using the coherent potential approximation. The 
calculated interface anisotropies for superlattices with perfect and imperfect interfaces are, on 
average, modeled accurately by a simple Neel-type model. This model always predicts a reduction 
in magnetic anisotropy resulting from the presence of defects. 


I. INTRODUCTION 

Recently there has been considerable effort aimed at de¬ 
veloping high-density magneto-optic storage devices. One 
proposed method for reading the stored data is to use the 
polar Kerr effect. A prerequisite for using this technique is a 
medium with perpendicular magnetic anisotropy, since this 
leads to optimal coupling between the incident light and the 
magnetic media. Transition-metal superlattices have a num¬ 
ber of desirable properties which make them potential 
magneto-optic media, including large Kerr rotations, which 
are still significant at short wavelengths, and perpendicular 
anisotropy for certain multilayer geometries. 

Perpendicular magnetic recording also offers the poten¬ 
tial of higher aerial storage densities than longitudinal re¬ 
cording because of the properties of the demagnetization 
fields. Many short-period magnetic multilayers exhibit a per¬ 
pendicular anisotropy resulting from the influence of the in¬ 
terfaces, despite the tendency for in-plane anisotropy caused 
by demagnetization energies. Beyond a critical multilayer 
period, the volume anisotropy will dominate the influence of 
the interfaces and in-plane anisotropy results. While the vol¬ 
ume term always favors in-plane magnetization in a thin-film 
geometry, the interface term can in principle produce either a 
longitudinal or a perpendicular contribution to the magnetic 
anisotropy. In most of the magnetic multilayers it appears 
that the interface contributions favor perpendicular anisot¬ 
ropy. The range of superlattice periods which have the de¬ 
sired perpendicular anisotropy clearly depends on the rela¬ 
tive strengths of the interface and volume terms. The value 
of the interface anisotropy depends upon the quality of the 
interface, thus, the strength of the magnetic anisotropy and 


the range of superlattice periods which exhibit useful perpen¬ 
dicular anisotropy will depend on sample preparation. Thus, 
it is of great interest to understand and predict the influence 
of defects on the magnetic anisotropy energy. 

The magnetocrystalline anisotropy energy in transition 
metals is electronic in origin and results from the spin-orbit 
interaction. The magnetic anisotropy can be obtained theo¬ 
retically from an electronic structure calculation by comput¬ 
ing the electronic energy as a function of the spin direction. 
These types of calculations are, however, challenging owing 
to the small changes of energy (as compared to the total 
electronic energy) accompanying changes in the magnetiza¬ 
tion direction. Calculations for the elemental magnets Fe, Ni, 
and Co 1,2 predicted incorrect easy axes of magnetization for 
Co and Ni and while finding the correct easy axis for Fe the 
value of the anisotropy energy was too small. Systems with 
lower symmetry such as artificial free-standing monolayers, 3 
embedded monolayers, surface overlayers, 3-5 and 
superlattices 6,7 typically have anisotropies which are an order 
of magnitude bigger and are large enough that the anisotropy 
energy can be reliably calculated using electronic structure 
theory. 

In this article first-principles electronic structure calcula¬ 
tions and a simple symmetry model are used to study the 
influence of defects produced by interdiffusion on the mag¬ 
netic anisotropy. In particular, superlattices with three or¬ 
dered arrangements of defects are considered. For the spe¬ 
cific case of Co/Pd these are: (1) l(Co 3 Pd 1 )/l(Pd 4 ) and 
l(Co 3 Pd 1 )/2(Pd 4 )—a Pd substitution in the Co layer of ICo/ 
lPd or lCo/2Pd; (2) l(Co 4 )/l(Co 1 Pd 3 )/l(Pd 4 )—a Co substi¬ 
tution in one of the Pd layers of lCo/2Pd; and (3) 
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FIG. 1. Crystal structures of ordered arrangement of superlattice defects. 
Light and dark spheres correspond to Co and Pd/Pt atoms, respectively, (a) 
Monolayer substitution; (b) monolayer adatom; and (c) bilayer substitution. 


l(Co 4 )/l(Co 3 Pd 1 )/l(Pd 4 )—a Pd substitution in one of the Co 
layers of 2Co/l Pd. These three defect structures are denoted 
as a monolayer substitution, monolayer adatom and bilayer 
substitution, respectively, and are shown in Fig. 1. The nota¬ 
tion adopted is that all atoms between parentheses belong to 
the same layer, thus l(Co 4 ) is a single layer with four Co 
atoms in the two-dimensional layer unit cell. For each of 
these structures, the defects are only connected at third near¬ 
est neighbors, a separation at which the defects are assumed 
to be essentially isolated. 

In addition to these ordered defect structures, we have 
also studied the magnetic anisotropy of lCo/3Pd and ICo/ 


3Pt superlattices where the interdiffusion between Co and Pd 
or between Co and Pt at the interface produces a substitu- 
tionally disordered random alloy. The profile of Co interdif¬ 
fusion has been chosen to follow a trapezoidal distribution, 
i.e„ KCoj .^Pd^/KCOjPd) ^/lPd/K&^Pdi _ x ) and 
l(Co 1 _ 2x Pt 2 X )/l(Co x Pti_ x )/lPt/l(Co^Pt 1 _ i ) for various val¬ 
ues of x. This composition profile is one which is consistent 
with experimental x-ray studies 8 where interdiffusion is often 
seen to occur. In all cases the atoms were assumed to lie on 
a perfect fee lattice whose lattice constant was taken to be a 
weighted average of the constituent atoms. This choice was 
consistent with all the experimental x-ray determinations of 
the superlattice crystal structure. 9 


II. THEORY 

A. Electronic structure theory 

The electronic structure of both ordered and disordered 
superlattices is found self-consistently using the layer 
Korringa-Kohn-Rostoker (LKKR) method within the local- 
spin-density approximation. 10 The Janak, Moruzzi, and 
Williams 11 parameterization of the exchange correlation en¬ 
ergy and potentials has been used. Unlike other studies 
where the spin-orbit interaction has been included in a sec¬ 
ond variational step using self-consistent potentials obtained 
in the absence of the spin-orbit interaction, 1,3,6 the calcula¬ 
tions reported in this article solve the Kohn-Sham equations 
self-consistently with the spin-orbit interaction when the 
magnetization is normal to the superlattice. The longitudinal 
magnetization calculation is treated as a perturbation on the 
self-consistent solution for the perpendicular orientation of 
the magnetization. The energy difference is obtained using 
the force theorem 12 which we have found to give essentially 
identical answers to within numerical accuracy to full self- 
consistent results with a longitudinal magnetization. Calcu¬ 
lations with an in-plane magnetization are significantly more 
time consuming because of the lower symmetry. 

The LKKR method has been described in detail in Ref. 
10. In this section, therefore, we present a brief outline of the 
method, paying attention mainly to those aspects that are 
unique to this work. 

The potentials are assumed to be spherically symmetric 
within contiguous muffin-tin spheres and a constant in the 
interstitial region (the muffin-tin approximation). This ap¬ 
proximation is known to be accurate for close-packed metal¬ 
lic structures, and since the anisotropy energy is predomi¬ 
nantly determined by the d states which are primarily located 
within the muffin-tin spheres, it is an excellent approxima¬ 
tion for the anisotropy energies of the metallic superlattices 
discussed in this article. 

Inside the muffin-tin spheres the Hamiltonian can be 
conveniently partitioned into the usual scalar relativistic // SR 
and spin-orbit H so terms. In Rydberg atomic units, which are 
assumed throughout this work, H SR is given by 

1 (V 2 0\ (V ] 0 

Hsr ~ 2M \0 V 2 ] + \0 
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/ dV t d 
l 

" 4 M 2 c 2 

\ ” dr drl 

This term is spin dependent but diagonal in spin space. The 
spin-orbit interaction in Rydberg atomic units is given by 

1 dV 1 dV I l z /_ \ 

Hso ~2M T ?l^ LS ~4M I ?'d?\l + ~ /J• (2) 


u 

dr dr 
dV j d 


( 1 ) 


The forms of H SR and H so are taken from Koelling and 
Harmon. 13 

In the above equations, Vj and Vj are the spin-up and 
spin-down one-electron potentials, V is the average of 
spin-up and spin-down potentials, c is the speed of light, 
M=l/2+(E-V)l2c 2 is the effective electron mass, 
l + = l x +il y and l_ = l x -il y are the raising and lowering or¬ 
bital angular momentum operators, and l x ,l y ,l z are the Car¬ 
tesian components of the orbital angular momentum opera¬ 
tor. In the spin-orbit term H so , V is chosen to be the average 
of the spin-up and spin-down potentials to ensure that this 
term is Hermitian for real energies. H so couples spin-up and 
spin-down wave functions and this mixing depends upon the 
direction of the magnetization. The matrix elements of H so 
can be readily obtained by using spinors appropriate for a 
magnetization direction specified by the polar angles 8 and 
6 4 


/cos(0/2)<T''* /2 \ 
sin(0/2)e'* /2 )’ 


sin(0/2)e -l ^ /2 \ 
-cos(0/2)e ,<W2 /’ 


Writing the solution to this effective Schrodinger equation as 
a product of radial solutions, spherical harmonics, and 
spinors, defined by Eq. (3), results in a set of coupled differ¬ 
ential equations which are solved by standard techniques. 

In contrast to most electronic techniques which calculate 
single-particle wave functions and eigenvalues, the LKKR 
method uses multiple scattering theory to obtain the one- 
electron Green’s function at a given energy and wave vector 
in the Brillouin zone. The valence charge density is obtained 
from the imaginary part of the Green’s function from inte¬ 
grations over the two-dimensional Brillouin zone and over 
energy from the bottom of the valence band to the Fermi 
energy, rather than from the sum of squares of occupied or¬ 
bitals. This energy integral is performed numerically as a 
contour integral in the complex plane which ensures rapid 
convergence of both energy and Brillouin zone integrations. 

Multiple scattering theory provides a convenient frame¬ 
work for calculating the Green’s function by combining the 
atoms together to form the solid in a recursive manner. In a 
LKKR calculation the solid is partitioned into planes of at¬ 
oms within which only two-dimensional translational sym¬ 
metry is assumed. The multiple scattering is then factored 
into intra- and interlayer terms. First the scattering properties 
of the unique layers are found from those individual atoms. 
Multiple scattering within each layer is solved in the angular- 
momentum basis whose size scales with the number of atoms 
in the layer. Multiple scattering between the layers is solved 
using the layer coupling algorithms, derived for low-energy 
electron-diffraction theory, 14 in a plane-wave basis whose 


size is independent of the number of layers. Computing 
times scale roughly cubically in the number of atoms per 
layer and linearly in the number of layers rather than as the 
cube of the total number of atoms in the unit cell as is typical 
for most conventional electronic structure methods. This 
makes the LKKR method a very efficient technique for 
studying superlattice electronic structure since typically each 
layer has a simple structure and all the complexity in the 
superlattice lies in the stacking together of the layers. 

The coherent potential approximation (CPA) provides a 
technique for describing the electronic structure of the ran¬ 
dom substitutionally disordered alloy by appropriately aver¬ 
aging different configurations, 15 and when combined with 
multiple scattering theory provides a first-principles density 
functional theory of alloys. 16 The physical picture behind the 
CPA is as follows: A mean field treatment of the ailoy allows 
the construction of an effective medium which has transla¬ 
tional invariance. Each atomic component in the alloy has 
the electronic structure of that particular atom embedded in 
this effective medium. The concentrations of atoms can be 
made site dependent, thus, realistic interdiffusion profiles can 
be modeled. The details of the implementation of the CPA 
within the LKKR method are given in Ref. 17. 

The basis set included s, p, and d partial waves to de¬ 
scribe the scattering in the layers from the individual muffin- 
tin potentials. In order to converge the anisotropy energy to 4 
fiKy, 13 plane waves to describe the interlayer scattering, 
135 k points per irreducible Brillouin zone wedge, and 48 
energy points were needed. The spin-orbit interaction lowers 
the symmetry of the crystal, thus care must be taken to in¬ 
clude all inequivalent wedges of the Brillouin zone. 

B. Simple theory 

Results of our previous electronic structure calculations 7 
showed that the magnetic anisotropy had significant contri¬ 
butions from all points in the Brillouin zone and that Pd 
atoms distant from the interface contributed negligible 
amounts to the anisotropy. This suggested that the magnetic 
anisotropy could be interpreted in terms of a real space 
model with near-neighbor interactions and that only Co-Co 
and Co-Pd or Co-Pt interactions were important. 

Symmetry dictates that the lowest-order contribution to 
the magnetic anisotropy is L(R-M) 2 where L is the interac¬ 
tion strength, R is an interatomic unit vector, and M is a unit 
vector pointing along the magnetization direction. The total 
anisotropy of the superlattice can be found by summing the 
basic interaction over all nearest-neighbor pairs of atoms. In 
the Co/Pd multilayers the simple model is parameterized by 
the geometrical arrangement of the atoms, and by two con¬ 
stants Lf describing Co-Co interactions, and L m describing 
Co-Pd interactions. A similar pair of constants are needed to 
describe the Co/Pt system. The philosophy of this model is 
the same as that suggested by Neel in 1954 in his study of 
surface anisotropy; 18 differences include the use of two pa¬ 
rameters to characterize the two different interactions, and 
the correction of some algebraic errors in Neel’s original 
work. 

In contrast to our previous work 7 where explicit numeri¬ 
cal values for the different atomic interactions were required 
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TABLE I. Energies of superlattices with ordered arrangements of defects. 


Defect 


Perfect 

Difference 

System 

Energy 

System 

Energy (/rRy) 

LKKR 

Simple theory 

l(Co 3 Pt)/l(Pt 4 ) 

186 

l(Co 4 )/l(Pt 4 ) 

389 

-4.2 K p 

-4.0 K p 

l(Co 3 Pd)/l(Pd 4 ) 

46 

l(Co 4 )/l(Pd 4 ) 

72 

-2.9 K p 

-4.0 K p 

l(Co 3 Pt)/2(Pt 4 ) 

98 

l(Co 4 )/2(Pt 4 ) 

322 

-5.6 K p 

-4.0 K p 

l(Co 3 Pd)/2(Pd 4 ) 

165 

l(Co 4 )/2(Pd 4 ) 

242 

-2.5 K p 

-4.0 K p 

l(Co 4 )/l(CoPt 3 )/l(Pt 4 ) 

393 

l(Co 4 )/2(Pt 4 ) 

322 

+ 1.8 K p 

-2.0 K p 

l(Co 4 )/l(CoPd 3 )/l(Pd 4 ) 

173 

l(Co 4 )/2(Pd 4 ) 

242 

-2.3 K p 

"2.0 K p 

l(Co 4 )/l(Co 3 Pt)/l(Pt 4 ) 

211 

2{Co 4 )/l(Pt 4 ) 

240 

~\m p 

-2.0 K p 

l(Co 4 )/l(Co 3 Pd)/l(Pd 4 ) 

-29 

2(Co 4 )/l(Pd 4 ) 

30 

-16 K p 

-2.0J <„ 


to quantify the simple theory, in the case of superlattices with 
interfacial defects the changes in anisotropy can always be 
expressed as a fraction of that found in the perfect structure. 
This obviously makes the results more usefiil in interpreting 
experimental results. 

First we will derive an expression for the anisotropy of 
an unstrained (111) superlattice which is composed of n lay¬ 
ers per cell where the probability of finding a Co atom on 
layer j is given by P y . All nearest-neighbor atoms are con¬ 
tained either within the plane or in the adjacent planes for 
this superlattice orientation, thus it is more convenient to 
consider the effective interactions between atoms in the same 
plane W (l , and the effective interactions between atoms in 
adjacent planes These effective interactions take into 
account the geometric arrangement of the atoms in the [111] 
planes. A superscript m or / is added to differentiate between 
ferromagnetic-paramagnetic and ferromagnetic-ferro¬ 
magnetic atom interactions. Specifically W f 0 sums the inter¬ 
action between a Co atom and six Co first nearest neighbors 
in a [111] plane, while W™ sums the interaction between a 
Co atom and six Pd or Pt first nearest neighbors in a [111] 
plane. Similar definitions apply to W{ and W™. All four of 
these effective interactions can be expressed in terms of the 
basic interatomic interactions L f and L m . Using these effec¬ 
tive interactions gives the following for the magnetic anisot¬ 
ropy of the disordered superlattice: 

n 

2K,= 2 Py 0 +2(l-P 1 )P,WZ + P J P ] + l W{ 

;=i 

+ Pj{l-P J + i )W™ + (l-Pj)P y+jW” . (4) 

Two identities can be derived immediately since the anisot¬ 
ropy of the pure material and the 50:50 alloy are zero be¬ 
cause of the cubic symmetry. This yields 

+ (5) 

Using these relations and noting that the n -layer superlattice 
has two interfaces per unit cell it follows that the interface 
anisotropy for the imperfect interface K, can be simply ob¬ 
tained from that of the perfect interface K p by 

n 

K,= 'iK p 2 ( Pj- p , + i) 2 > (6) 

;=i 


where the interface anisotropy of the ordered superlattice is 

K P =W”-\W{. (7) 

In a similar way one can derive expressions for the reduction 
in anisotropy energy of the three ordered defects; The-y are 
4 K p , for the monolayer substitution, and 2 K p for the mono- 
layer adatom and bilayer substitution. A simple geometric 
picture would suggest that a Pd substitution in the Co mono- 
layer would modify two interfaces and thus might be ex¬ 
pected to reduce the anisotropy by 2 K p , while the Co ada¬ 
tom and the bilayer substitution only modify one interface 
and thus might be expected to reduce the anisotropy by K p . 
The simple Neel theory predicts that the influence of the 
defects is twice as large as naively expected, demonstrating 
the dramatic effect of defects on the magnetic interface an¬ 
isotropy. 

lCo/5Pd superlattices fabricated under a variety of dif¬ 
ferent experimental conditions show a wide variation in the 
measured magnetic anisotropy. A lCo/5Pd superlattice 
grown by molecular-beam epitaxy has the largest anisotropy 
of 5.9X10 7 erg/cm 2 (Ref. 19), and a lCo/5Pd superlattice 
grown epitaxially in UHV had an anisotropy of 4.9 X10 7 
erg/cm 2 (Ref. 20). Sputtered lCo/5Pd superlattices made by 
different groups have anisotropies of 2.6X10 7 erg/cm 2 (Ref. 
21) and 2.4 X10 7 erg/cm 2 (Ref. 22), respectively. These can 
be compared to the theoretical values for a perfect lCo/5Pd 
superlattice of 6.6X10 7 erg/cm 2 (Ref. 7) and 8.7X10 7 
erg/cm 2 (Ref. 6). All of the experimental superlattices v/ill 
contain defects, with the sputtered samples having the largest 
concentration. The range of values observed is clearly con¬ 
sistent with the theoretical expectations for superlattices with 
defects. 

III. RESULTS AND DISCUSSION 

Table I shows the calculated anisotropies for all of the 
ordered defects in Co/Pd and Co/Pt. As was stated in the 
previous section, the simple theory predicts a reduction of 
AK p for Pd and Pt substitutions in a Co monolayer. The 
results of the electronic structure theory for substitutions in 
the Co monolayer also show a reduction in the anisotropy. In 
previous work on perfect Co/Pd superlattices 7 we have no¬ 
ticed that the simple model reproduces average trends in the 
magnetic anisotropy while the results of electronic structure 
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TABLE II. Energies of superlattices with random arrangements of defects. 


Defect 



Perfect 


Difference 

System 

Energy (/zRy) 

System 

Energy (ft Ry) 

LKKR 

Simple theory 

1(COq 8^0 2 )/1 (C° 0.1 Pto 9 )/! P t/1 (Coo iPt{)9) 

16.8 

lCo/3Pt 

64.6 

-1.5 K p 

—1.0K- 

l(Coo 8^^0 2 )/UC°o iP^o 9 )APd/l(Coo iPdo 9 ) 

28.8 

lCo/3Pd 

56.6 

-l.OAfp 


1(COq 4 VHCO 0 8 )/lPt/l(Co,) 2 Pt() g) 

8.0 

lCo/3Pt 

64.6 

-1.8 K p 

-1.6 K p 

l(Co 0 4 )/l(Co 0 2 Pdo. 8 )/lPd/l(Co 0 2 P^o s) 

14.6 

lCo/3Pd 

56.6 

-1.5 K p 

-1.6 K p 


calculations for individual systems can show significant de¬ 
viations from the predictions of the simple theory. The stan¬ 
dard deviation of the fit in this case was 1.2 K p . These varia¬ 
tions can probably be explained by noting that while each 
point in the Brillouin zone contributes to the anisotropy, cer¬ 
tain points are more important than others and that these 
points are superlattice dependent. 

For the four monolayer substitutions studied, the average 
reduction is 3.8K p ± lAK p which is statistically the same as 
the simple theory prediction of 4 K p . In the case of the or¬ 
dered defects structures with substitutions in the Co bilayer 
and Co substitutions in the Pd or Pt layer (last four lines of 
Table I) the simple theory predicts a reduction of 2 K p in the 
anisotropy. The agreement between the electronic structure 
results and the simple theory is clearly not as good. Exclud¬ 
ing the 2Co/lPd superlattice, leads to an average reduction 
of 0.5K p ± lJK p which is still consistent with the simple 
theory though the standard deviation is larger. Defect-free 
2Co/lPd has a much smaller anisotropy than simple theory 
would predict and thus it is not too surprising that the intro¬ 
duction of defects produces an anomalous result. 

Since the simple theory works best in an average sense 
one might expect better agreement between the predictions 
of the simple model and the results of the electronic structure 
calculations for superlattices where the defects are placed in 
a random manner. To model a realistic interdiffusion profile 
we have assumed a trapezoidal distribution; this distribution 
is consistent with the x-ray-diffraction data which we have 
examined. The superlattices which we have examined 
are HCo^PdjJ/UCoi^PdJ/lPd/HCo^Pd,) and 
KCo, -^Py/UCoj ^Pg/lPt/UCo, _,Pt,) for x=0.1 and 
0.2. The results of the LKKJR CPA and the predictions of the 
simple theory are shown in Table II. The Neel-type model 
predicts a reduction of l.OKp and 1.6 K p for X =0.1 and 
x=0.2, respectively. Electronic structure theory gives 
l.2K p ±QAK p for the former and l.6K p ±0.2K p for the 
latter, in excellent quantitative agreement with the simple 
theory. Simple theory also reproduces the results of the indi¬ 
vidual first-principles calculations as well as the average 
trend, and deviations are significantly smaller than those seen 
in the ordered calculations. The better agreement is attributed 
to the fact that the LKKR CPA calculations represent en¬ 
semble averages of many possible superlattices with the 
same layer compositions. Thus, the assumption of uniform 
contributions to the anisotropy from points in the Brillouin 
zone, implicit in the Neel-like theory, is likely to be a better 
approximation. 


IV. CONCLUSIONS 

Using the LKKR electronic structure method we have 
performed first-principles calculations of the magnetocrystal¬ 
line anisotropy energy of a superlattice with imperfect inter¬ 
faces. Both ordered arrangements of defects and a random 
substitutional alloy have been studied. Using a simple Neel- 
type theory, expressions for the expected changes in anisot¬ 
ropy associated with each type of defect have been derived. 
Detailed comparisons show the value of the simple 
symmetry-based model as a quantitative predictor of the ex¬ 
pected trends. The imperfect superlattices where the interdif¬ 
fusion causes a random arrangement of defects are expected 
to be a more realistic model of the experimental interface, 
and in this situation the simple theory is both found and 
expected to be more useful. We have shown that the influ¬ 
ence of imperfections is generally larger than geometric ar¬ 
guments would suggest, and that defects act to reduce the 
magnetic anisotropy. 
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Magnetic anisotropy of metal/Co/metal and metai/Co/insulator sandwiches 
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In situ polar Kerr-effect measurements have been used to study the magnetic anisotropy of 
MBE-grown Au(lll)/Co/X and Pd(lll)/Co/X sandwiches, where X is the nonmagnetic metal Ag, 

Au, Cu, and Pd or the insulator MgO. For the metals it was recently found that the magnitude of the 
Co/X perpendicular interface anisotropy is strongly peaked at ~1 atomic layer (1.5-2.5 A) 
coverage. To investigate structural influences on the anisotropy, reflection high-energy electron 
diffraction (RHEED) and low-energy electron diffraction (LEED) have been used to measure 
changes resulting from overlayer coverage. Analysis of digitized RHEED images captured every ~1 
A during metal overlayer coverage shows no abrupt change of the in-plane lattice constant. The 
out-of-plane lattice spacing has also been investigated as a ftmction of nonmagnetic metal coverage 
by measuring LEED I-V curves along the (0,0) rod. In the case of Cu, where the LEED behavior 
is nearly kinematic, no evidence was seen of any abrupt structural changes at —1 atomic layer 
coverage. These results suggest the observed peak in magnetic anisotropy is not structural in origin. 

To further study this phenomenon, the influence of an insulating overlayer, MgO, on the 
perpendicular magnetic properties has been measured. 


I. INTRODUCTION 

A fundamental understanding of the magnetic anisotropy 
arising from the interface between magnetic and nonmag¬ 
netic metal films is an important current problem in magne¬ 
tism. Of particular interest for optical data storage applica¬ 
tions are material systems that display perpendicular 
anisotropy, such as Au/Co and Pd/Co. Possible explanations 
advanced for this strong anisotropy include the reduced co- 
ordinaiion symmetry, 1 altered electronic structure, 2 and lo¬ 
calized epitaxial strain at the interface between two different 
materials. 3 Previously, we have investigated influences on 
the interface anisotropy by varying overlayer coverage and 
material species. 4,5 For Ag, Au, and Cu we have found that 
the magnitude of the Co/metal perpendicular interface an¬ 
isotropy is strongly peaked at ~1 atomic layer coverage. 

In this article we report on detailed structural character¬ 
ization of the metal overlayers by reflection high-energy 
electron diffraction (RHEED) and low-energy electron dif¬ 
fraction (LEED). We also investigated the effects of an insu¬ 
lating overlayer (MgO) on the magnetic properties of single 
crystal Co films grown on Au(lll) surfaces. 

II. EXPERIMENT 

The results reported here are for Co films in the thick¬ 
ness range 2 As;r Co ^30 A deposited on 500-A-thick buffer 
layers of either Pd(lll) and Au(lll). The buffer layers were 
grown on annealed, Co-seeded GaAs(llO) substrates. We 
used an effusion cell for Pd deposition at 0.15 A/s, and 
optical-feedback-controlled electron-beam evaporators to de¬ 
posit the Au (0.1 A/s), Co (0.25 A/s), Cu (0.1 A/s), and MgO 
(~2 A/s). All deposition rates were determined from Ruth¬ 
erford backscattering spectrometry (RBS) analysis of thick 
calibration films. The background pressure for the metals 
was =s5X10 -l ° Torr during deposition and sslXKT 8 Torr 
for the insulator. The crystalline quality of the films was 
monitored during growth with RHEED. The RHEED images 
were captured with a charge-coupled-device (CCD) camera 
system capable of resolving changes in in-plane lattice spac- 


ings of ~1%. A reverse-view LEED system with an identical 
CCD camera was used to measure changes in perpendicular 
lattice spacings upon coverage by measuring intensity versus 
voltage ( I-V) curves of the specular beam. The growth must 
be interrupted after each coverage step in order to rotate the 
sample stage to perform LEED. I-V curves can be completed 
in less than 20 min with minimal surface contamination be¬ 
tween depositions. 

Magnetic and magneto-optic characterization of the 
samples was carried out by in situ polar Kerr-effect measure¬ 
ments. The sample can be transferred between the deposition 
chamber of our molecular-beam-epitaxy (MBE) system and 
another connected ultrahigh-vacuum chamber (P<2X10~ 10 
Torr) where it is aligned between the poles of an external 
electromagnet. The magnetic field is applied along the 
sample normal with a maximum field of ±2.2 kOe. We use a 
50 kHz photoelastic modulator and lock-in-amplifier-based 
detection scheme with a HeNe laser to measure the polar 
Kerr ellipticity of the sample as a function of applied field. 

III. STRUCTURAL CHARACTERIZATION OF METAL 
OVERLAYERS 

The role of crystal structure in our observed coverage- 
dependent anisotropy is an important question that is difficult 
to address. Because magnetic anisotropy is very sensitive to 
the local environment, subtle changes in atomic spacings 
could cause significant effects. We have used RHEED and 
LEED to investigate coverage-dependent changes in the sur¬ 
face lattice spacing. Using RHEED, we have measured in¬ 
tensity profiles across a streak pattern of a Co surface as it is 
progressively covered with Au. 6 Starting with a 30 A Co film 
deposited on a 500 A Au(lll) buffer layer, RHEED images 
were captured every 4 s during uninterrupted Au deposition 
at a rate of 0.1 A/s, giving a coverage interval of ~0.4 A. At 
the coverage equivalent of 1 atomic layer (2.4 A), the dif¬ 
fraction peak is composed of contributions from both bulk 
Au and bulk Co spacings. After 2 atomic layers of coverage, 
the peak is dominated by diffraction from the bulk Au spac- 
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FIG. 1. LEED I-V curves of (0,0) specular beam for Co(lll) surface and a 
thick Cu film (200 A) deposited on top of it. 

ing. Because the Au immediately grows incoherently and 
strain free, these measurements suggest that the Co in-plane 
lattice spacing is unaffected by the Au overlayer. A similar 
experiment was carried out for a Cu overlayer on Co, where 
the two materials have a roughly 2% lattice mismatch. In this 
case we also see no abrupt changes in the surface lattice 
spacing. 

Because the RHEED geometry is only sensitive to the 
in-plane lattice spacings, we can obtain information about 
the out-of-plane spacings from LEED versus I-V measure¬ 
ments. Although not as rigorous as a full dynamical analysis, 
one can determine the average out-of-plane lattice spacing of 
the top few monolayers from measured I-V curve of the 
specular or (0,0) beam. This simple analysis is only valid for 
materials which show weak or no multiple scattering. The 
average lattice spacing is deduced by comparison of the re¬ 
sulting intensity peak locations to calculated Bragg peaks. In 
this article we report results from I-V curves of the (0,0) 
beam of Cu deposited on Co(lll). In this case, the overlayer 
is a different material from the substrate and therefore this 
analysis provides a combined weighted average lattice spac¬ 
ing of both materials. As an example of the sensitivity of this 
technique, Fig. 1 shows an I-V curve of a clean Co(lll) 
surface and that from a bulklike thick Cu film deposited on 
top of the Co surface. The two representative curves show 
well-defined Bragg peaks which are slightly shifted from 
each other. To measure the effect of the overlayer as it is 
grown, /- V curves were taken after each of many Cu depo¬ 
sitions of ~1 A each (the equivalent of 0.5 atomic layers of 
Cu). As the bare Co is increasingly covered with Cu we 
observe a continuous shift from the Co peak positions to the 
Cu peak positions. Further deposition of Cu beyond 8 A 
coverage does not change the location of the peaks. These 
peaks can be associated with Bragg diffraction by taking into 
account an inner potential correction, indicating that both the 
materials Co and Cu behave nearly kinematically. The peak 
location of the specularly reflected beam can be calculated 
from the following relation. 7 

2(£ fl +v 0 )cos 2 9=(mr/d) 2 , (1) 

where E B are the Bragg energies, V 0 is the inner potential, 0 
is the angle of incidence, n the order of the peak, and d the 
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FIG. 2. Change in average perpendicular lattice spacings determined from 
shifts in lowest-energy peak locations in Fig. 1. The continuous curve is 
calculated assuming bulk Co and Cu lattice constants and a mean sampling 
depth of 3 A. There is no evidence of any abrupt change at 1 atomic layer 
coverage. 


out-of-plane lattice constant. The energies and distances are 
given in hartrees, 1 hartree=27.18 eV, and bohrs, 1 bohr 
=0.529 A, respectively. The angle of incidence of the elec¬ 
tron beam was ~7° in the (11-2) azimuth. The measured 
spectra of the Cu(lll) surface are very similar to those mea¬ 
sured by Reid. 8 We have measured the inner potential shift 
for bulk Co and bulk Cu to be 7.7 and 8.5 eV, respectively. It 
should be noted that we do not know how the inner potential 
V 0 varies as Cu is deposited; however, because the two bulk 
values are nearly the same, we used their average (8.1 eV) in 
all of our calculations. This causes only a small uncertainty 
in our determined lattice spacings and is included in the error 
estimates. 

From the shifts in the Bragg peaks upon coverage we 
can calculate changes in the average or.t-of-plane lattice 
spacing according to Eq. (1), and which are shown as the 
circles in Fig. 2. Here we have used the lowest-energy peak 
at 137 eV which is the most surface sensitive with a mean 
sampling depth of only ~3 A. The mean free path of LEED 
electrons at 137 eV is roughly 6 A; 7 however, in a reflection- 
diffraction experiment in which a monoenergetic beam must 
enter and exit the crystal, the mean sampling depth is half the 
value of the mean free path. We have also calculated the 
coverage depenJ-.ce of the average lattice constant that 
would be expected if both the Co and Cu remain at their bi lk 
spacings. This average spacing is calculated using depth- 
dependent weighting factors derived assuming an exponen¬ 
tial decay of the LEED elections with a probing depth of 3 
A. The calculated solid curve in Fig. 2 is in good agreement 
with the measured data indicating that, to within our uncer¬ 
tainty, Cu grows at its bulk perpendicular lattice constant on 
the Co surface. We see no evidence of any abrupt structural 
changes of greater than ~0.6% at — 1 atomic layer coverage 
that would correlate with our observed peak in the anisotropy 
at this coverage. 

We have also taken LEED I-V spectra of the specular 
beam for Au and Pd overlayers on Co. Both materials show 
strong multiple scattering where the peaks do not correspond 
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FIG. 3. In situ polar Kerr ellipticity loop from: (a) uncovered 18 A Co on 
Au(lll); (b) 2 A Cu deposited on 18 A Co; (c) 120 A MgO deposited on 2 
A Cu. 

to Bragg peaks and therefore the above simple analysis can¬ 
not be applied. 

IV. MAGNETIC CHARACTERIZATION OF MgO 
OVERLAYERS 

In order to further study this phenomenon we have mea¬ 
sured the influence of an insulating overlayer, MgO, on the 
perpendicular magnetic properties. For the noble metals Ag, 
Au, and Cu, for which we observe the anomalous anisotropy 
behavior near 1 atomic layer coverage, there is also a hybrid¬ 
ization between the fc.romagnetic metal and the overlayer 
electronic states. 9 In the case of an insulating MgO overlayer 
this electronic interaction between the ferromagnetic mate¬ 
rial and overlayer is extremely weak. 10 Therefore, one would 
not expect significant changes in anisotropy upon insulator 
coverage. 

The deposition of the MgO was carried out by e-beam 
evaporation. RBS analysis of the MgO film showed a 1:1 
stoichiometric ratio of Mg to 0, in agreement with previ¬ 
ously reported results from e-beam-evaporated MgO. 11 We 
have also carried out Auger electron spectroscopy on the 
samples immediately after deposition. The Auger spectra of 
'he deposited MgO film agree with those in the literature. 12 
Thus, we do not expect any oxidation of the metal surface 
due to dissociation of MgO. 

Fieure 3 shows polar Kerr ellipticity loops of 18 A Co 
depot ied on a thick Au(lll) buffer layer, 2 A Cu deposited 
on the bare Co, and ~ 120 A MgO deposited on top of the 


Cu. The initial magnetic moment of the bare Co is in plane. 
As we previously reported, upon coverage with just 2 A of 
Cu we see a large increase in the perpendicular anisotropy. 
Interestingly, after depositing a MgO cap of ~120 A thick¬ 
ness we observe a decrease in the perpendicular anisotropy. 
The MgO shows polycrystalline growth a? evidenced by the 
disappearance of the Cu RHEED streak pattern. In a different 
experiment we started with a perpendicularly magnetized 4 
A Co film with a coercive field of 470 Oe; subsequent 
deposition of —30 A polycrystalline MgO reduces the coer¬ 
cive field to H c *=70 Oe with no change in the magnitude of 
the measured ellipticity. 

It is surprising to find such a large change in anisotropy 
since the electronic interaction between the metals and MgO 
should be very weak. It is possible that the MgO overlayer 
induces strain in the Co. Unfortunately, because MgO grows 
polycrystalline in this case we are unable to use in situ struc¬ 
tural characterization techniques to investigate changes due 
to MgO coverage. Work is in progress to investigate other 
insulating materials. 

V. SUMMARY 

We have used RHEED and LEED to investigate struc¬ 
tural influences on the perpendicular anisotropy of Co(lll) 
ultrathin films upon coverage with the noble metals Ag, Au, 
and Cu. Neither RHEED nor LEED show evidence for 
abrupt changes in surface and out-of-planc lattice spacings 
for Au and Cu, respectively. We have also investigated the 
effect of an insulating overlayer (MgO) on the magnetic an¬ 
isotropy with in situ polar Kerr-effect measurements and ob¬ 
serve a reduction in the perpendicular anisotropy. 
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Effect of submonolayer coverage on magnetic anisotropy of ultrathin 
cobalt films M/Co/Au(111) with M=Au, Cu, Pd 
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and P. Veillet 

Institut d’Electronique Fondamentale URA CNRS022, Universite Paris-Sud, 91405 Orsay, France 

D. Weller 

IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 
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Using in situ polar magneto-optical Kerr-effect measurements, the variation of the Kerr rotation and 
magnetic anisotropy of a (0001)Co ultrathin film on a (lll)Au substrate has been precisely 
recorded, during the first stages of the growth of an overlayer of metal M=Au, Cu, and Pd. As 
reported earlier, a drastic increase of the magnetic anisotropy was observed, with a peak around 1 
monolayer of overlayer thickness. From a careful study of the variation of the remanent Ken- 
rotation, it could be shown that only the interface contribution to the anisotropy changes with the 
overlayer thickness, while the bulk contribution remains mostly constant. The overall behavior can 
be interpreted in terms of electronic effects in the metal overlayer, acting on the interface anisotropy 
via band hybridization at the interface. 


Considerable work has been devoted in the last few 
years to the study of the magnetic anisotropy in ferromag¬ 
netic ultrathin films. 1 Besides the magnetocrystalline inter¬ 
face anisotropy introduced by Neel, 2 strain-induced magne¬ 
toelastic anisotropy 3 or spin polarization of the interface 
layer in the nonmagnetic substrate 4 have been proposed to 
explain the observed behaviors of anisotropy versus the fer¬ 
romagnetic film thickness, or for different nonmagnetic 
metal substrates. A new powerful way to investigate the ori¬ 
gin of the magnetic anisotropy in ultrathin films is to mea¬ 
sure its development in situ, during the first stages of the 
growth of an interface between the film and a metallic over¬ 
layer. It has been reported recently 5-7 that the coercivity and 
the perpendicular anisotropy of Co ultrathin films on Pd(lll) 
and Au(lll) substrates exhibit drastic increase with only 
submonolayer coverage by Cu, Ag, An, and Pd, while a clear 
peak is observed around one atomic layer (AL) of overlayer 
thickness; however, owing to the complexity of in situ ex¬ 
periments, only total anisotropy for one Co thickness could 
be measured. 7,8 We have proposed 6 an original method, 
based on the analysis of the evolution versus the Co film 
thickness t Co of the polar magneto-optical Kerr (PMOKE) 
rotation at remanence. We report here a detailed application 
of this method to the case of a (0001)Co film on a (lll)Au 
substrate, upon coverage by a metal M=Au, Cu, or Pd. 

Details of our sample preparation method have been 
published previously. 6 ' 9 To achieve maximum precision and 
reliability in our study of the magnetic properties versus 
films thicknesses, we grow stepped-wedge samples using a 
moving shutter between sample and evaporation sources. For 
each sample, ten . m-wide steps are made, with increasing 
Co thicknesses. Then the M overlayer is grown in successive 
thin (0.5-1 AL) layers, and after completion of each new 
layer, comprehensive PMOKE and reflection high energy 
electron diffraction (RHEED) scans are performed by mov¬ 
ing the sample in front of a fixed e ~ or laser beam. 

As we reported earlier, a smoothing of the free surface 


with 1-2 ML of Au coverage is observed by RHEED. 6 This 
is a major phenomenon, which involves an important reorga¬ 
nization of the Co layer to rub out at least short-range rough¬ 
ness. It may be attributed to a surfactant effect of Au: Indeed, 
the surface energy of (lll)Au is lower than the (0001)Co 
one. This behavior is not observed for Cu and Pd coverage. 

Our PMOKE configuration, in which both magnetic field 
and laser beam are perpendicular to the sample, allows direct 
determination of the anisotropy coefficients only for films 
magnetized in plane, and provided that sufficiently high 
fields can be applied to saturate the magnetization of the 
sample. In the present study, this would restrict the determi¬ 
nation to only a few selected values of to,. 7,8 To get an 
evaluation of the variation of the anisotropy coefficients for 
any t Co and f M combination we have proposed 6 an original 
method that uses the fact that, for hep Co thin films, the two 
first anisotropy coefficients K { and K 2 have comparable 
magnitude (with K 2 >0), and the change in easy axis from 
perpendicular to in plane with t q, occurs via an intermediate 
state where the easy direction lies on a cone of half-angle y. 
Provided the sample remains in a single-domain state, which 
is likely at least for low to intermediate values of y, the ratio 
of the remanent to saturated Kerr rotations 6 R /6 S , in this 
intermediate state, should be equal to cos(y), given by 

cos( y) = [( -27rA/J+K, + 2K 2 )/2K 2 ] 1/2 . (1) 

Here, M s is the saturation magnetization, which in the fol¬ 
lowing we shall assume constant and equal to the bulk value. 

Assuming that K 2 does not change much with t Co (this 
assumption is confirmed a posteriori at the end of this ar¬ 
ticle), a good characterization of the dependence of Kj vs t Co 
is given by the crossover thickness t* at which 0=45°. By 
introducing for K x the usual expressions with interface 
anisotropies K S1 and K s2 , respectively, for the first (Co/Au) 
and second (vacuum/Co or M/Co) interfaces, and a volume 
contribution K v , one obtains the expression 
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FIG, 1. Saturation polar Kerr rotations measured on a Au/Co/Au(lll) sand¬ 
wich vs the Co thickness tco for different values of the overlayer thick¬ 
ness f Au . 
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FIC-. 2. Normalized remanent Kerr rotation vs normalized Co thickness, 
measured on a Au/Co/Au(lll) sandwich for different values of the Au over¬ 
layer thickness (see legend inside the figure). 


K sl +K s2 =t*(2irM 2 s -K v -K 2 ). (2) 

Furthermore, if both volume contributions K v and K 2 do 
not depend on the overlayer thickness t M , one can easily see 
by combining Eqs. (1) and (2) that, for a given metal M, the 
0 R / d s vs dependencies for any / M values should super¬ 
impose on the same 6 R /6 S vs (t/t*) scaling curve. 

Examples of hysteresis loops measured in situ at differ¬ 
ent stages of the interface growth have been given earlier. 6 
For fa, values above 7 AL (4 ALfor Cu coverage), where the 
loops are not perfectly square, the maximum magnetic field 
in our setup is too low to allow direct determination of 0 S . 
For lower t q, values the measured 0 S values vary linearly 
with to,, as can be seen for Au coverage in Fig. 1. To evalu¬ 
ate 6 S for any Co thickness, we thus extrapolate this linear 
variation to higher /q, values. By high-field (20 kOe) mea¬ 
surements in air on samples with a thick coverage, we 
checked that this extrapolation is valid at least up to 15 AL of 
Co. An important effect seen in Fig. 1 is the occurrence of a 
nonzero intersect with the t axis, in agreement with Ref. 
10. This can be attributed to an interface effect. A more de¬ 
tailed study will be published elsewhere. 11 

Figures 2 and 3 display the variation of 6 R /9 S vs t/t*, 
respectively, for Au and Pd coverages. In both cases, within 
experimental precision all points appear well on the same 
scaling curve. This good agreement with scaling hypothesis 
confirms that K 2 is rather constant and does not change much 
with /q,. A similar behavior is obtained for Cu coverage. 
Those curves appear actually more rounded than the ones 
calculated for perfect films. 12 This can be easily accounted 
for by introducing a narrow distribution of anisotropy coef¬ 
ficients, which could originate from nonuniform Au substrate 
roughness, or from inhomogeneous densities of stacking 
faults or strains. 

As stated above, this scaling behavior allows us to as¬ 
sume confidently that measurement of /* versus overlayer 
thickness characterizes precisely the variation of the inter¬ 
face anisotropy K SI +K S2 vs t M . The variation oft" vs t M 
for M=Cu, Au, and ru is 6 iven in Fig. 4. We observe a very 
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fast increase in f* at the very beginning of the overlayer 
growth. For Cu and Au, a narrow peak appears around 
fQ,=1.0 AL (respectively, f Au =1.5 AL), followed by a sub¬ 
sequent decrease of t* toward saturation. A smoother in¬ 
crease of t* is observed with M=Pd, as in Ref. 8. In agree¬ 
ment with previous reports, 5-8 the coercivity of 
perpendicularly magnetized Co films ( t Co <t*) displays a de¬ 
pendence versus t M veiy similar to that of t*. Note also that 
the value of t* that we measure on uncovered Co film 
(r *=4.3 ML) is in very good agreement with that reported 
previously. 12 

Not much can be said at this point on the evaluation of 
absolute values of K S1 +K S2 , which would require knowl¬ 
edge of K„ and K 2 for each overlayer metal M. One can, 
however, observe that the scaling curves of Figs. 2 and 3 are 
very similar, which leads one to expect similar values for K v 
and K 2 for M=Au and Pd. It is difficult to conclude for 
M=Cu, as a much smaller perpendicular anisotropy results 



FIG. 3. Normalized remanent Ken rotation vs normalized Co thickness 
measured on a Pd/Co/Au(lU) sandwich for different values of tue Pd over- 
layer thickness (see legend inside the figure). 
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FIG. 4. Variation vs M ovcrlayer thickness r M of the Co thickness i* where 
the remanent Kerr rotation is equal to 1/V2 times the saturation Kerr rota¬ 
tion, for M=Au, Cu, and Pd. 


in a narrow observation range, and thus in less precise evalu¬ 
ations. Nevertheless *o ■■'ftt comparative values of interface 
anisotropies for all t erages, we have assumed one set 
of volume coefficiei „ .„ and K 2 , measured on similar 
Au/Co/Au samples, 13 and made the assumptions that: (i) in 
the Au/Co/Au sandwich both interfaces have the same K s \ 
(ii) the first (Co/Au) interface keeps the same K s for any 
coverage. This last assumption in particular corresponds to 
the intuitive feeling that, after deposition of several atomic 
layers of Co, deposition of a thin overlayer should not 
change much the first interface. The obtained values of K s 
are given in Table I. Note that the interface anisotropies for 
thick coverages are in good agreement with previously re¬ 
ported ones. 1 One interesting result is the negative (in-plane) 
interface anisotropy of the vacuum/Co interface, in agree¬ 
ment with theoretical predictions. 14 

The most interesting behavior remains the peaked de¬ 
pendence of the anisotropy versus f M . We have shown here, 
for the first time, that the changes occur in the “interface” 
contribution. In principle, strain-induced anisotropy (MEA) 


TABLE I. Interface anisotropy coefficients evaluated from the measured r* 
displayed in Fig. 4. We assumed one set of volume anisotropy constants for 
all overlayer metals, measured on similar Au/Co/Au sandwiches (Ref. 13): 
K 1 ,=5.8X10 6 erg/cm 3 and A 2 =1X10 6 erg/cm 3 . The peak values have been 
estimated for respective thicknesses 1.5, 1, and 1 AL of Au, Cu, and Pd 
overlayers. 


Interface 


K s 

Peak value (erg/cm 2 ) 

Thick overlayer (erg/cm 2 ) 

Vacuum/Co 


-0.17 

Au/Co 

0.83 

0.58 

Cu/Co 

0.17 

0.06 

Pd/Co 

0.53 

0.48 
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can give a pseuu' • iCiia^e term, 3 which, as observed here, 
should be hignei ior Au and Pd coverage, those metals hav¬ 
ing a large lattice mismatch with Co. This MEA is unlikely 
to be the dominant contribution here, as it could explain 
neither the negative sign of K s for the vacuum/Co interface, 
nor the peak, nor even the amplitude of the change in K s for 
Au and Pd coverage. Also, a r M -dependent relaxation of the 
distance between subinterface and interface atomic planes in 
Co could contribute. However, the most likely origin of the 
behavior reported here is an evolution with / M of the elec¬ 
tronic band structure of the metallic overlayer, acting on the 
interface anisotropy through band hybridization with the Co. 
Indeed, very important changes have been observed by pho¬ 
toemission on electronic structures of ultrathin layers of Cu 
on Co(0001), 15,16 or Au. Moreover, in both cases the f M de¬ 
pendence of the band structure bears striking similarities 
with the behavior displayed in Fig. 4 here, with, for instance, 
the existence of specific two-dimensional (2D) electronic 
structures for 1-1.5 AL coverage that relax very rapidly to¬ 
ward the bulk structure with further deposition of less than 1 
AL. The existence of such 2D structures requires abrupt and 
fiat interfaces. In this scheme, the more rounded behavior 
observed here for Pd coverage could be attributed to some 
alloying at the interface, as we have evidenced earlier on 
similar samples. 

Finally, we cannot rule out the occurrence of a small spin 
polarization in the Au or Cu monolayer on Co, as observed 
recently at the Co/Cu interface. 17 

This research has been sponsored by a HCM-EEC pro¬ 
gram. 
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Effects of Ar-ion implantation and annealing on structural and magnetic 
properties of Co/Pd multilayers 

John Q. Xiao, K. Liu, and C. L. Chien 

Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218 

L. F. Scheip and J. E. Schmidt 

Institute de Fisica, Universida de Federal do Rio Grande do Sul, Porto Alegre, Brazil 

The contrasting effects of ion implantation and thermal annealing on structural and magnetic 
properties of Co/Pd multilayers have been studied. Ion implantation causes local damage to the 
multilayers, resulting in enhanced magnetization due to the polarization of the neighboring Pd. 

Thermal annealing generates massive interdiffusion across the interfaces into the formation of 
Co-Pd alloys with a lower magnetization. Effects on coercivity and remanence have also been 
studied. 


Magnetic multilayers have been the subject of numerous 
studies 1,2 owing to their unusual properties and potential ap¬ 
plications. Novel properties such as enhanced magnetization, 
large (sometimes perpendicular) magnetic anisotropy, tai¬ 
lored spin structures, and giant magnetotransport properties, 
have been uncovered. Among the multilayers, Co/Pd has 
been extensively studied in recent years, 3,4 stimulated by 
both fundamental interests and technological applications. 
For constituent layers with very small thicknesses, the per¬ 
pendicular anisotropy together with substantial Ken effect 
have led to the application of Co/Pd multilayers in magneto¬ 
optical recording media. 5 

While the novel properties of multilayers are intimately 
related to the high degree of structural coherency of the lay¬ 
ered structure, a complete understanding of the relationship 
between interfacial characteristics and physical properties re¬ 
mains lacking. In this work we have systematically altered 
the interfacial characteristics of Co/Pd multilayers using ion 
implantation and thermal annealing, and studied the resultant 
structural and magnetic properties. Our studies show that 
these two methods give rise to very different effects on the 
multilayer structure. 

The Co/Pd multilayer samples have been deposited onto 
glass substrates using two electron-beam-deposition sources 
in a vacuum of 1X10 -8 mbar. The samples are denoted as 
[Co(x A)/Pd(y A)]„ , where x and y are the Co and Pd layer 
thicknesses, respectively, and n is the number of repeats of 
the Co/Pd bilayers. One set of samples with [Co(10 A)/Pd(59 
A)] lg has been subjected to 230 keV of Ar + implantation at 
room temperature at a low current density of 50 nA/cm 2 to 
avoid sample heating. Low fluences of 1X10 13 -5X10 14 
ions/cm 2 , which are small compared with 1 monolayer of 
ions (1X10 15 ions/cm 2 ), have been used. Another set of 
samples of [Co(14 A)/Pd(44 A)] 18 have been thermally an¬ 
nealed for 30 min in a helium atmosphere at various tem¬ 
peratures up to 700 K. Structural characteristics of all the 
samples have been made by a 9-26 x-ray diffractometer with 
CuKa radiation. Magnetic properties have been measured 
using a vibrating sample magnetometer (VSM) with the 
magnetic field parallel to the film plane. 

Figure 1 shows the x-ray-diffraction data of the as- 
prepared and the ion-implanted [Co(10 A)/Pd(59 A)] 18 
samples. The as-prepared sample [Fig. 1(a)] shows several 


satellite peaks near the Pd(lll) peak. Because Co layers are 
thin and have a much lower scattering factor, no substantial 
diffraction peaks near the Co(lll) peak are revealed nor ex¬ 
pected. It is well known that the intensity of the satellite 
peaks is dictated by the layer profile and the repeatability of 
the bilayers. The structural coherence of the multilayers is 
manifested by the width of the diffraction peaks. From the 
width of the main diffraction peak, beyond the instrumental 
width, the structural coherence length L has been determined 
to be about 270 A, which is about four bilayers. These results 
show that the as-prepared sample has a well-defined layer 
structure with [111] crystalline orientation. 

Figures 1(b)-1(e) show the diffraction data for ion- 
implanted samples of [Co(10 A)/Pd(59 A)] 18 with Ar fluence 
varying from 5X10 13 to 7.5 X10 14 ions/cm 2 . Several features 
are noted for samples within this fluence range. For increas¬ 
ing fluence, the satellite peaks decrease progressively in in¬ 
tensity but remain observable in all cases. More important, 
the width of the main diffraction stays essentially the same as 
that of the as-prepared sample. These results indicate that 
layer structure and the structural coherence length L remain 
intact, but the layer profile becomes more diffuse as a result 
of ion implantation. 

A contrasting situation occurs when the Co/Pd multilay- 



26 (degrees) 


FIG. 1. X-rav spectra of (a) as-prepared sample and the implanted samples, 
(b) 5X10°, (c) 1X10 14 , (d) 5X10 14 , and (e) 7.5X10 14 ions/cm 2 . 
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FIG. 2. X-ray spectra of samples annealed at different temperatures T A . The 
peak positions corresponding to bulk Co and Pd are shown at the top. Alloys 
with different compositions have also been indexed. 


ers have been thermally annealed at various annealing tem¬ 
peratures T a . The x-ray-diffraction data of the as-prepared 
(T a =300 K) and representative data of the annealed samples 
(T a up to 693 K) of [Co(14 A)/Pd(44 A )] 18 are shown in Fig. 
2. Discernible change of the diffraction are observed for 
7^2=523 K; most notably a diminution of the satellite peak 
intensity and the appearance of additional diffraction peaks. 
It is useful to recall that Co and Pd form fee Co-Pd alloys 
over the entire composition range. The lattice parameter of 
the alloy decreases monotonically from that of pure Co to 
that of pure Pd. At the top of Fig. 2 the locations of the 
diffraction peaks of Co(lll) and Pd(lll) are shown, and the 
(111) peak of a Co-Pd alloy falls between those of Co(lll) 
and Pd(lll) according to the composition. At T A =573 K, in 
addition to the satellite peaks, a new peak, corresponding to 
Co 16 Pd 84 , appears. At T A =623 K both the (111) and (200) 
peaks of Co 30 Pd 70 , in addition to the remanence of the sat¬ 
ellite peaks, are observed. Finally, at T A =693 K, only (111) 
and (200) peaks corresponding to predominantly Co 30 Pd 70 
and a small portion of Co 5 Pd 95 are observed. There are no 
satellite peaks remaining, and the layer structure has been 
completely destroyed. It may be noted that, if the Co and Pd 
atoms in [Co(14 A)/Pd(44 A)] 18 were mixed completely and 
uniformly, one would have obtained an alloy of Co 30 Pd 70 , 
which is very similar to the alloy composition found. 

From the above results, it is clear that both ion implan¬ 
tation and thermal annealing can cause deterioration of the 
multilayers; however, the processes with which the layer 
structure and the interfaces are compromised are very differ¬ 
ent in the two cases. At low fluence, ion implantation causes 
local damages of the layer structure, while most of the layer 
structure and the structural coherence of the multilayer re- 
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FIG. 3. Saturation magnetization in unit of emu/cm 3 of Co at 300 K (dotted 
curves) and 73 K (solid curves) as functions of fiuences (left-hand side) and 
annealing temperatures (right-hand side). 


main intact. On the other hand, thermal annealing is far more 
disruptive. It promotes interdiffusion of all the constituent 
atoms at the interfaces, very efficiently destroying the multi¬ 
layers even at moderate annealing temperatures. Further¬ 
more, due to the interdiffusion, the multilayer rapidly con¬ 
verges to the terminal and homogeneous alloy composition. 

These conclusions made from structural studies are cor¬ 
roborated by the magnetic properties. It is useful first to re¬ 
call the magnetic properties of Co ;c Pd 100 _^ alloys of which 
the magnetic ordering temperature T c increases rapidly and 
monotonically with Co content. The values of T c are less 
than 300 K for the alloys with low Co content (x<10). 6 The 
magnetic moment per atom of Co-Pd alloys also rises mono¬ 
tonically with Co content. However, because of the strong 
polarization effect on the Pd atoms by the nearby Co atoms 
(also known as the giant moments), these polarized Pd atoms 
contribute significantly to the magnetization. 

The saturation magnetization M s of the Co/Pd multilay¬ 
ers after ion implantation and thermal annealing are shown in 
Fig. 3. First of all, the as-prepared samples have a higher M s 
than that of bulk fee Co, owing to the well-known polariza¬ 
tion effect of Pd. The enhanced magnetization has also been 
observed in other Co/Pd and Fe/Pd (Ref. 7) multilayers. 
Most remarkably, after ion implantation, there is further en¬ 
hancement of M j, and M s has a weak temperature depen¬ 
dence; the values at 77 and 300 K are similar. This indicates 
that, as the interfaces are systematically disrupted by ion 
implantation, more Pd atoms are exposed and polarized by 
the displaced Co, hence a larger M s . Furthermore, most of 
the magnetic species remain strongly coupled to share a high 
value of T c . Quite the contrary, the thermally annealed 
samples show a decrease in M s and a stronger temperature 
dependence in M s . Both of these observations, which are 
consistent with another group’s results, 8 are the results of the 
formation of Co-Pd alloys with relatively low Co contents, 
hence lower values of T c . 

In Fig. 4, the magnetic coercivity H c for the implanted 
[Fig. 4(a)] and the annealed [Fig. 4(b)] samples are shown. 
We discuss the annealed samples first. Changes in H c occur 
when the formation of the Co-Pd alloy appears at 7^2*523 
K. Higher values of T A result in large values of H c , and H c 
shows similar behaviors at the three temperatures (77, 150, 
and 300 K) measured. For the ion-implanted samples, H c for 
the ion-implanted samples with higher fiuences (s*5XlO 14 
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FIG. 4. In-plane coercivity H c and squareness M,IM S at different tempera¬ 
tures as functions of fluences (left-hand side) and annealing temperatures 
(right-hand side). 

ions/cm 2 ) has similar temperature dependencies as the an¬ 
nealed samples. The results for the low fluences are, how¬ 
ever, more complex. In particular, the results of the im¬ 
planted samples with fluences less than 1X10 14 ions/cm 2 
suggest the possibility of a phase(s) with low ordering tem¬ 
perature (<300 K). The precise nature of these possible 
phases, albeit of low sample content, has not been ascer¬ 
tained. 

Finally, we turn to remanent magnetization M r ex¬ 
pressed as the squareness M r /M s shown in Figs. 4(c) and 
4(d). After ion implantation with low fluence, the squareness 
becomes larger, suggesting an increase in the in-plane anisot¬ 
ropy. At high fluence, the squareness decreases due to the 


presence of Co-Pd alloy phases. In the annealed samples, the 
predominant evolution of the multilayer is toward the forma¬ 
tion of Co-Pd alloys, which generally give rise to lower 
squareness. 

In conclusion, we have observed via structural and mag¬ 
netic properties the very different effects on the Co-Pd 
multilayer due to ion implantation and thermal annealing. 
Ion implantation causes local damage to the interfaces while 
maintaining the layer structure, whereas thermal annealing 
promotes massive interdiffusion toward the formation of 
Co-Pd alloys. Consequently, contrasting behaviors in satura¬ 
tion magnetization and other magnetic properties have been 
observed. 

Work at JHU has been supported by NSF Grant No. 
DMR92-00280. Work at UFRGS has been supported by 
CNPq, FAPERGS, and FINEP in Brazil. 
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Sputtering pressure effects and temperature-dependent magnetism 
of Co/Pd multilayers 
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The temperature dependence of the sputtering Ar pressure effects on magnetic properties and the 
coercivity mechanism of Co(2 A)/Pd(13 A) multilayers were studied as the sputtering Ar pressure 
varied from 3-15 mTorr and the temperature from 300 to 35 K. It is found that the roughness of the 
interfaces or film surface increases with increasing sputtering pressure, the anisotropy increases with 
decreasing temperature and increasing Ar pressure and shows a maximum at P Ar «=12 mTorr, and the 
coercivity increases with Ar pressure and shows stronger temperature dependence at higher Ar 
pressure. The coercivity mechanism was analyzed in terms of the coercivity predicted by 
Kronmuller’s theory [Phys. Status Solidi B 144, 385 (1987)]. Wall pinning is found to be the main 
mechanism and the size of the pinning site increases slightly as the Ar pressure increases. 


I. INTRODUCTION 

Co/Pd multilayers have been studied intensively in the 
last decade for pure and applied reasons. 1 " 3 For the Co/Pd 
multilayers with nanoscale Co layer, the interfacial magne¬ 
tism, which is strongly influenced by the preparation condi¬ 
tions, plays a crucial role in determining the magnetic behav¬ 
ior. Hashimoto et al ,, 4 de Haan era/., 5 Shin et al., b and He 
et al. 7 have reported the Ar pressure effects on magnetic 
properties at room temperature. It is found that the coercivity 
increases with increasing Ar pressure P Af during deposition 
and the anisotropy increases monotonically with increasing 
P Af (up to P Ar =56 mTorr), 5 or shows a maximum at 
Pa,= 10 mTorr. 4 ’ 6 

In this article the temperature dependence of the sputter¬ 
ing pressure effects on magnetism was studied as the tem¬ 
perature varied from 300 to 35 K. The coercivity mechanism 
was investigated in terms of the initial magnetization curves 
and minor loops at different temperatures, and comparisons 
were made to Kronmuller’s model. 8 

II. EXPERIMENT 

[Co(2 A)/Pd(13 A)]X35 (35 is the number of bilayers) 
multilayers were deposited onto glass substrates by dc mag¬ 
netron sputtering under pressure P Ar =3, 6, 9, 12, and 15 
mTorr. All five samples were fabricated in one vacuum run to 
insure identical preparation conditions except for the Ar 
pressure. 

The structure properties were characterized with the 
x-ray diffraction and atomic force microscopy (AFM) and 
the magnetic properties were measured by an alternating gra¬ 
dient force magnetometer (AGFM) with the temperature 
changed from 300 to 35 K. The coercivity H C (T) and mag¬ 
netization M{T) data were obtained from the perpendicular 
hysteresis loops and the measured anisotropy K' U (T) data 
were determineu from the area between the parallel and per¬ 
pendicular magnetization curves. 


’’f'ermanent address: Department of Physics, Gycongsang National Univer¬ 
sity, Chinju 660-701, Korea. 


III. RESULTS AND DISCUSSIONS 

A. Structure properties 

Figure 1 shows the small-angle x-ray-diffraction pat¬ 
terns. It is seen clearly that the amplitude of the diffraction 
peaks decreases with increasing sputtering Ar pressure and 
when the sputtering pressure is greater than 9 mTorr, the 
diffraction peaks become obscure. This is attributed to the 
roughness of the interfaces which increases as the sputtering 
pressure increases since the sputtered Co and Pd atoms ex¬ 
perienced mom collisions with Ar atoms and form larger 
clusters at the growing film surface. 

Figure 2 shows the AFM pictures of samples sputtered at 
(a) P Ar =3 mTorr and (b) 15 mTorr and it is found that the 
surface roughness in Fig. 2(b) is much larger than that in Fig. 
2(a). If the surface roughness may be regarded as the accu¬ 
mulation of the roughness of all individual layers or inter¬ 
faces, Fig. 2 indicates clearly that the interfaces have larger 
roughness when sputtered in the higher Ar pressure, which is 
consistent with the result in Fig. 1. 

B. Temperature character of pressure effects on 
magnetic properties 

The Ar pressure dependence of the anisotropy K u (K u 
= K' u + 2 ttMj) as the temperature varied from 300 to 35 K is 
demonstrated in Fig. 3. It is seen that K u increases as the 
temperature decreases. As the pressure increases K u first in¬ 
creases, then decreases and shows a small peak at P A ,= 12 
mT for all temperatures. This behavior is qualitatively con¬ 
sistent with earlier work 4,6 except that our peaks are rather 
small; K u shows larger Ar pressure dependence at lower tem¬ 
perature. The origin of such K u behavior is attributed to the 
interfacial magnetism which strongly depends on the polar¬ 
ization of Pd atoms at the interfaces 9,10 and the morphology 
of interfaces. As the temperature decreases the induced Pd 
moment increases which enhances the K u . Hashimoto and 
co-workers 4 have explained qualitatively the behavior of Ar 
pressure dependence of K u in terms of the stress-induced 
anisotropy because the stress in the film changes from com¬ 
pressive to tensile as the Ar pressure increases. Recently Vic- 
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FIG. 1. Small-angle x-ray diffraction for Co(2 A)/Pd(13 A) deposited at 
different Ar sputtering pressures: (a) 3 mTorr; (b) 6 mTorr; (c) 9 mTorr; (d) 
12 mTorr; and (e) 15 mTorr. 


tora and MacLaren 11 employed the symmetry-derived model 
based on summing L(M-R) 2 pair interactions (where M is 
the magnetization direction, R is the vector connecting the 
two .'toms, and L is an interaction parameter) to calculate 
anisotropy for Co/Pd and Co/Pt multilayers. We intend to use 
this approach to calculate the K u behavior quantitatively. 

The sputtering pressure dependence of coercivity H c as 
the temperature varied from 300 to 35 K is shown in Fig. 
4(a). The coercivity increases monotonically with increasing 
P Ar and shows stronger P A , dependence at the lower tem¬ 
perature. This behavior cannot be attributed fully to the 
change of K u as shown in Fig. 3. In order to understand such 
behavior properly, we also need to consider the pinning ef¬ 
fect of the domain-wall motion which is discussed in more 
detail in the following section. 

The temperature dependence of H c is shown in Fig. 4(b): 
H c increases as the temperature decreases and shows stron- 



FIG. 2. AFM micrographs of Co(2 A)/Pd(13 A) deposited at Ar sputtering 
pressure of: (a) 3 mTorr and (b) 15 mTorr. 
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FIG. 3. Sputtering Ar pressure dependence of measured anisotropy K' u at 
different temperatures. 


ger temperature dependence at higher P Ar . The physical ori¬ 
gins of this feature are discussed below. 

C. Coercivity mechanism 

In order to study the coercivity mechanism the initial 
curves and minor loops were measured at room and low 
temperature. All these curves show the typical domain-wall 
pinning feature: The magnetization is small at low applied 
field H a and increases rapidly while H a reaches a threshold 
value // lh which corresponds to the field required to exceed 
the pinning barrier. As the temperature decreases the thresh- 
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FIG. 4. (a) Sputtering Ar pressure dependence of coercivity at different 
temperature and fb) temperature dependence of coercivity at different sput¬ 
tering Ar pressure 
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FIG. 5. (a) A linear fitting to the experimental data after Eq. (1) and the r 0 
obtained is 4.7 A. (b) The sputtering Ar pressure dependence of the esti¬ 
mated size of the pinning site. 

old field H lh increases because of the decreasing thermal 
activation energy as predicted by Kirby et al. 12 

Kronmuller’s formulas 8 were used to analyze the coer- 
civity mechanism in more detail. If wall pinning is the domi¬ 
nant mechanism, the coercivity H C (T) is given by 

H c {T) = K(r 0 /S B )(2KJM s )-N cS M s for r 0 <S B (1) 

and 

H c (T) = K'(8 B lr 0 )(2KJM s )-N eS M s for r 0 >8 B , (2) 

where k and k' are both related to the exchange coupling 
constants and the anisotropy constants, r 0 is the size of the 
pinning site, and N tSf is a demagnetization factor, The wall 
width S B is given by v{A/K) m , where A and K are ex¬ 
change constant and anisotropy, 13 respectively. 

Figure 5 is an example of the fitting curve based on Eq. 
(1) for the sample prepared at 3 mTorr Ar pressure. Similar 
fittings for all samples (Pj^-6, 9, 12, and 15 mTorr) have 
been performed. The fact that the [ HJM S , (2KJM 2 5 )IS B ] 
experimental points measured at different temperatures are 
on a straight line implies that the domain-wall pinning is the 
dominant mechanism. 


From the fits we could estimate the size of the pinning 
sites for each sample. The estimated sizes are 4.7, 3.9, 5.0, 
5.2, and 10.6 A for the samples prepared at Pat = 3, 6, 9, 12, 
and 15 mTorr, respectively [see Fig. 5(b)], The estimated 
values show that the size of the pinning site increases with 
increasing sputtering pressure. Equation (1) also tells us that 
H C {T) depends on the r (i K u product. Although K u decreases 
with increasing P Ar for P M >\1 mTorr (as shown in Fig. 3), 
H c still increases with increasing P^ for P/^>12 mTorr [as 
shown in Fig. 4(a)] because r 0 increases, and we have 
pointed out this feature earlier. 

IV. CONCLUSIONS 

The variation of the anisotropy and coercivity as a func¬ 
tion of temperatures is closely related to the polarization of 
the Pd atoms at the interfaces and the film morphology 
which was controlled by the sputtering Ar pressure. The 
dominant mechanism for the coercivity is the wall pinning 
and the size of the pinning sites increase with increasing the 
sputtering pressure. 
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Magnetoelastic effect in Co/Pd multilayer films 

Young-Suk Kim and Sung-Chul Shin 
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Taejon 305-701, Korea 

In situ measurements of the stress are reported, and the magnetoelastic contribution to the magnetic 
anisotropy is clarified, in Co/Pd multilayer films prepared by dc magnetron sputtering. The stress 
was varied between 2.36X 10 10 and 4.22X 10 !0 dyn/cm 2 in the Co sublayer of the film with an abrupt 
drop of the stress in the Co sublayer thicker than about 5 A. This abrupt change seems to be related 
with a structural transition of a coherent-to-incoherent matching at the interface with thickening the 
sublayer. The stress-induced anisotropy of the samples having perpendicular magnetic anisotropy is 
found to be 40%-80%, compared to Neel’s surface anisotropy. 


I. INTRODUCTION 

Co-based multilayer films are of great interest today be¬ 
cause of their novel properties and potential technical 
applications. 1,2 In particular, the perpendicular magnetic an¬ 
isotropy observed in those materials has been attracting wide 
attention for the application of the materials to magnetic and 
magneto-optical recording. Co/Pd multilayer films have been 
reported to show the perpendicular magnetic anisotropy for 
the samples having a Co sublayer thinner than about 8 A and 
Pd sublayer thicker than about 5 A. 3 ' 6 The perpendicular 
magnetic anisotropy in this system is generally believed to 
be related to the change in the magnetic anisotropy of the 
interfacial atoms as a consequence of the reduced symmetry 
in their surroundings, as Neel first suggested. 7 However, re¬ 
cent studies have indicated that the stress-induced magnetic 
anisotropy also plays a role, especially for the samples pre¬ 
pared by sputtering. 5 In this article, we report in situ mea¬ 
surements of the stress and clarify the magnetoelastic contri¬ 
bution to the magnetic anisotropy in Co/Pd multilayer films. 

II. EXPERIMENT 

Co/Pd multilayer films were prepared by dc magnetron 
sputtering from 2-in.-diam Co and Pd targets on 4-cm-long, 
1.1-cm-wide, and 130-/rm-thick glass substrates at the Ar 
sputtering pressure of 10 mTorr. The distance between the 
substrate and the sputtering source was 12.7 cm. An edge of 
the substrate was fixed by a cantilever holder. The multilayer 
structure was achieved by alternately exposing the substrate 
to two sputtering sources via a reciprocating shutter. Typical 
deposition rates of Co and Pd were 0.53 and 0.81 A/s, re¬ 
spectively. 

The stress of a multilayer film was measured in situ dur¬ 
ing the deposition using a homemade optical displacement 
detection system as depicted in Fig. 1. A displacement sen¬ 
sor, composed of 38 optical fibers of 50 fim core diameter, 
was installed behind the free end of the substrate. The back 
side of the substrate was coated by 1000-A-thick A1 to en¬ 
hance the reflectivity. A change in the gap distance between 
the sensor and the substrate, caused by the stress of a depos¬ 
ited film, was detected by measuring a corresponding change 
in the reflectivity from the back side of the substrate. The 
sensitivity of the displacement sensor used in this study was 
0.059 V/pt m and it turned out to be good enough to detect the 
stress caused by a deposition of a monatomic layer of Co or 


Pd. The multilayer structure was examined by low- and high- 
angle x-ray diffractometry. The magnetization was measured 
by a vibrating sample magnetometer (VSM) and the mag¬ 
netic anisotropy was measured using a torque magnetometer 
at an applied field of 10 kOe. 

III. RESULTS AND DISCUSSION 

All samples in this study developed low-angle x-ray- 
diffraction peaks irrespective of the sublayer thickness, 
which suggests the existence of the multilayer structure in 
those samples. High-angle x-ray diffraction studies revealed 
that the samples were polycrystalline grown along the [111] 
cubic orientation. 

Figure 2 shows a typical results of in situ measurement 
of the gap distance between the substrate and the optical 
probe with the deposition time for the sample having 8-A- 
thick Co sublayers and 9-A-thick Pd sublayers. The positive 
slope for the Co sublayer implies the existence of a tensile 
stress in the layer, while, the negative slope for the Pd sub¬ 
layer implies a compressive stress in the layer. This result is 
as expected, since the d spacing of the (111) matching plane 
of Co is 9.9% smaller than that of Pd; however, it is inter- 
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FIG. 2. A plot of the gap distance vs deposition time for the sample having 
8-A-thick Co and 9-A-thick Pd layers. 



FIG. 4. A plot of the stress vs the Co sublayer thickness for a series of the 
samples having a constant Pd sublayer thickness of 9 A. 


esting to note that the slopes of the Co and Pd sublayers are 
changed with increasing sublayer thickness. To see the varia¬ 
tion of the stress with the sublayer thickness, we calculate 
the stress existed in each sublayer using the well-known 
Stoney formula 8 as follows: 


E s t s Ad 
ll\\-v s )At f ' 


( 1 ) 


where E s , v s , /, and t s are Young’s modulus, Poissons’s 
ratio, and the length and thickness of a substrate, respec¬ 
tively, Ad is the change of the gap distance and Atf is the 
change of the film thickness. £,=1.51X10 12 dyn/cm 2 , 
Pj=0.3, /=3 cm, and ^=130 pirn are used in the calculation. 

Using Eq. (1) we plot the stress as a function of the 
sublayer of Co and Pd in Fig. 3. Since the Co sublayer was 
deposited first, the Co sublayers are expressed by the odd 
numbers and the Pd sublayers by the even numbers, The 



FIG. 3. A plot of the stress as a function of the N th sublayer of Co and Pd. 


error bar corresponds to the root-mean-square deviation of 
the mean stress of the Nth sublayer, which was obtained by 
taking the derivative at 100 points in each sublayer in Fig. 2. 
The stress in a multilayer film is mainly caused by two ori¬ 
gins: an adhesion of the film to the substrate and the lattice 
mismatch between two dissimilar adjacent sublayers. The be¬ 
havior of the stress with the sublayer thickness in Fig. 3 
implies that an influence of the substrate yields a tensile 
stress with a maximum of 2.00X10 10 dyn/cm 2 in the sub¬ 
layer, possibly due to a smaller thermal-expansion coefficient 
of the glass substrate than the Co/Pd multilayer. This effect is 
monotonically decreased and seems to be negligible when 
the film is thicker than about 100 A. Therefore, that a very 
small compressive stress observed in the first several Pd su¬ 
blayers is not surprising; in this thickness range the tensile 
stress due to the substrate is appended to a compressive 
stress caused by the lattice mismatch. From Fig. 3 we note 
that the lattice mismatch between Co and Pd layers yields a 
2.36X10 10 dyn/cm 2 tensile stress for the Co sublayer a'id a 
1.81 X10 10 dyn/cm 2 compressive stress for the Pd sublayer in 
this particular sample, which is larger than the stress of 
e -beam-evaporated samples. 9 

Interestingly enough, we have observed that the stress of 
the Co/Pd multilayer film was suddenly dropped with in¬ 
creasing the Co sublayer thickness. Figure 4 shows a plot of 
the stress versus the Co sublayer thickness for a series of the 
samples having a constant Pd sublayer thickness of 9 A. A 
distinct drop in the stress can be seen when the Co sublayer 
thickness is larger than about 5 A. Since the samples were 
prepared on the same glass substrates at the same sputtering 
conditions, the contribution other than the lattice mismatch 
to the stress of the film should be the same. Therefore, a 
sudden drop in the stress is believed to be related with a 
structural change from a coherent to incoherent interfacial 
matching between Co and Pd sublayers with increasing the 
Co sublayer thickness. The critical thickness for a 
coherency-incoherency transition observed in our sample 
agrees with a theoretical value of ~5 A estimated by den 
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FIG. 5. A plot of the anisotropy energy K u and the stress-induced anisotropy 
K x as a function of the Co sublayer thickness. 


Broeder and co-workers. 1 The structural transition is under 
investigation by transmission x-ray diffractometry and will 
be published elsewhere. 

In our system the perpendicular magnetic anisotropy ex¬ 
ists for the samples having a Co sublayer thinner than about 
8 A as seen in Fig. 5. The anisotropy energy K u associated 
with a multilayer can be described phenomenologically 4 as 
K u =2K s /t Co +'K v , where K s is the interface anisotropy and 
K v is the volume anisotropy. For a coherent multilayer K s is 
only due to Neel’s surface anisotropy and the strain-induced 
anisotropy is contained in K v ; however, for an incoherent 
case the misfit strain anisotropy may contribute to K s .* 

When the lattice mismatch is much larger than the mag¬ 
netostriction coefficient as in Co/Pd multilayers the stress- 
induced magnetic anisotropy energy K x is given by 10 

Kx=-fX<rco, (2) 

where X is the magnetostriction coefficient and o-q, is the 
stress of the Co sublayer. Because of a negative \ for Co/Pd 
multilayers 11 the strained Co sublayer yields a positive per¬ 
pendicular anisotropy energy. In Fig. 5 the stress-induced 
anisotropy K x is plotted, together with the magnetic anisot¬ 


ropy energy K u . As seen in the figure, K x of ~3.11 x 10 6 and 
~1.87X10 6 erg/cm 3 are obtained for the coherent and inco¬ 
herent samples, respectively. The Neel surface anisotropy K N 
in our samples, obtained from a plot of K u t q, vs is esti¬ 
mated 0.16 erg/cm 2 . The contribution of K N to K u for the 
samples showing perpendicular magnetic anisotropy is esti¬ 
mated to be between 2.7 X10 6 and 8X10 6 erg/cm 3 . Hence, 
the magnetoelastic contribution to the perpendicular mag¬ 
netic anisotropy is 40%-80% in comparison with the contri¬ 
bution by Neel’s surface anisotropy. 

IV. CONCLUSIONS 

We have investigated the effect of the stress on the mag¬ 
netic anisotropy in Co/Pd multilayer films prepared by dc 
sputtering. In situ measurements of the stress have revealed 
that multilayers had a tensile stress of 2.36XlO 10 -4.22XlO 10 
dyn/cm 2 in the Co sublayers. An abrupt reduction of the 
stress was observed when the Co sublayer thickness was 
larger than 5 A, which is believed to be caused by a 
coherent-to-incoherent transition. It was found that for the 
perpendicular magnetic anisotropy of our samples, the mag¬ 
netoelastic contribution due to the lattice mismatch is much 
comparable to the contribution by Neel’s surface anisotropy. 
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Kerr rotation arbimts 


Interface processing in multilayer films 

R. J. Pollard, M. J. Wilson, and P. J. Grundy 
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Greater Manchester M5 4WT, United Kingdom 

We have investigated the effect of ion modification of multilayer growth and ion etching of 
multilayer interfaces on perpendicular anisotropy and giant magnetoresistance in sputter deposited 
Co/Pt and Co/Cu multilayers. These two properties are thought to be particularly sensitive to the 
form of the interface profile in multilayers. We find that the ion-assisted deposition conditions used 
degrade both perpendicular anisotropy and GMR through interface smoothing and mixing. In 
contrast, thermal annealing and first experiments in ion etching show that GMR can be increased by 
smoothing of the Co/Cu interfaces. 


INTRODUCTION 

Co/Pt and Co/Cu MLs are believed to exhibit structure 
sensitive magnetic anisotropy 1 ' 3 and giant magneto¬ 
resistance. 4 We have used such systems as models in prelimi¬ 
nary investigations of the effect of ion beam-assisted sputter 
deposition, ion beam etching, and thermal annealing on these 
properties. 

EXPERIMENT 

The MLs were deposited in a UHV-compatible magne¬ 
tron sputtering system equipped with dc magnetrons and a 3 
cm Kaufman ion source. The Co, Pt, and Cu layers were 
deposited onto glass substrates by ion-assisted deposition, 
i.e., the ion beam (0-400 eV, 2 mA) on and irradiating the 
ML during growth, or by ion etching, i.e., with the deposition 
interrupted and the top surface of each Co layer irradiated 
with the ion beam for 10 s. The deposition rate was about 0.1 
nms' 1 . 

The magnetic hysteresis loops were measured in a VSM 
(Co/Cu MLs) or in a Kerr M/O loop plotter (Co/Pt MLs). 
Anisotropy (Co/Pt MLs) was investigated by torque magne- 
tometry, and magnetoresistance (Co/Cu MLs) was measured 
by the standard four probe dc method. Some basic structural 
changes were inferred from x-ray diffraction measurements. 
All measurements were carried out at room temperature. 


RESULTS AND DISCUSSION 

Figure 1(a) shows the polar Kerr hysteresis loops for a 
series of three 15;t(0.4 nm Co/1.2 nm Pt) MLs deposited by 
ion-assisted growth. It can be seen that as the ion energy is 
increased the loops depart more and more from squareness 
and the coercivity of the MLs decreases. The shearing of the 
loops is reflected in the torque curves of Fig. 1(b), which 
show a gradual decrease in the torque amplitude with in¬ 
creasing ion energy. The negative slope at 0=0 confirms the 
normal to the ML as the easy direction (0 is the angle be¬ 
tween the normal to the ML and the field direction) for the 0 
eV (no ion flux) and 100 eV MLs. However, for 200 eV the 
torque curve is clearly modified with the appearance of a 
change of slope near zero torque and 0=0. These changes 
indicate that the effective perpendicular anisotropy decreases 
with increasing ion energy from a value of ~6X10 5 J m~ 3 
for the “unassisted” ML and that the easy direction of mag¬ 
netization rotates from the normal to the ML towards the 
plane. A similar result has been obtained for ion beam etch¬ 
ing of a series of 7x(0.4 nm Co/1.2 nm Pt) MLs. Again, a 
decrease in torque and perpendicular anisotropy with in¬ 
creasing ion energy was observed. 

Sputter deposited Co/Pt MLs with thicker (s*0.8 nm) Co 
layers do not show such strong perpendicular anisotropy. 5,6 
Figure 2(a) gives polar Kerr loops for a series of four 15 



FIG. 1. Polar Kerr loops (a) and torque curves (b) for 15^(04 nm Co/1.2 nm Pt) MLs for different beam energies/voltages in ion-assisted deposition. 
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FIG. 2. As in Fig. 1 but for 15.x(1.2 nm Co/1.2 nm Pt) MLs. 


x(1.2 nm Co/1.2 nm Pt) MLs deposited with ion assistance 
at 0,100,200, and 400 eV. These perpendicular loops change 
gradually with increasing shear and decreasing coercivity un¬ 
til at 400 eV the loop has the shape typical of a hard axis 
loop. The torque curves for these MLs, given in Fig. 2(b), 
change from two similar curves of small amplitude for 0 and 
100 eV, which can be analyzed in terms of an easy cone of 
magnetization about the normal to the ML, which is isotropic 
in its plane, to curves for 200 and 400 eV for which the easy 
direction is clearly in the plane of the ML as signified by the 
positive slope of the torque curve at 0=0. 

X-ray diffraction confirmed the layered and iextured 
structure of the low energy ion-assisted and etched MLs. 
Increasing the beam energy in ion-assisted deposition even¬ 
tually destroys the layered structure as indicated by the ratio 
of the (111) maximum to the first satellite maximum, 
/ m // sat . For the 0,100, 200, and 400 eV MLs described in 
Fig. 2, I in /I su was measured as 1.7,1.6,2.3, and », respec¬ 
tively. 


Turning to the Co/Cu systems, Figs. 3(a) and 3(b) show 
the VSM hysteresis loops and magnetoresistance loops for 
four ion-assisted 20x(l nm Co/2 nm Cu) MLs. These MLs 
are structured for the second maximum in the GMR 
oscillation. 4,7 It can be seen in Fig. 3(a) that the ML depos¬ 
ited without ion assistance (0 eV) gave a sheared magnetic 
hysteresis loop having a lower remanence than MLs depos¬ 
ited with ion assistance suggesting some definite antiferro¬ 
magnetic coupling between the Co layers in the 0 eV ML. 
Figure 3(b) shows a GMR of 15% for this ML. The figures 
also show that ion assistance in the deposition gradually de¬ 
stroys the properties of the ML; it reduces the amount of 
antiferromagnetic coupling in the ML and it eventually pro¬ 
duces a much less sheared hysteresis loop at 200 eV, Fig. 
3(a). There is a concomitant decrease in the GMR ratio to 
almost zero, Fig. 3(b). 

Thermal annealing and x-ray measurements 8 show that 
the GMR in Co/Cu MLs is destroyed along with the layered 
structure at temperatures above about 300 °C. However, an 
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increase in GMR can be observed in annealing at lower tem¬ 
peratures. This is illustrated in Fig. 4(a) for a 16X(1 nm Co/2 
nm Cu) ML where the GMR increases by about 50% up to 
250 °C. Significantly, we have found that ion etching can 
also produce an improvement in GMR. Figure 4(b) shows 
GMR loops for a series of MLs having the structure 10X(1 
nm Co/2 nm Cu) in which the Co surfaces have been ion 
etched at different energies. There is a clear improvement in 
GMR at energies up to 150 eV. We have some evidence that 
this effect is followed by a decrease at eneigies greater than 
200 eV. 

In the ion-assisted depositions the ratio of the ion to 
atom fluxes can be calculated as /;/)„'*2 and there is suffi¬ 
cient energy transferred in collisions of the ions with the 
condensing and condensed atoms to cause surface displace¬ 
ments and densification of the microstructure of the growing 
layers. 9 However, certainly at the higher energies, there is a 
possibility of atom mixing by the ion bombardment at any 
interface as the deposition progresses and this will encourage 
a less sharp compositional profile in the ML. No material 
loss from the MLs was detected up to ion energies of 200 eV 
and measurable sputtering of the growing ML is only ex¬ 
pected at energies greater than 300 or 400 eV. 

In ion etching, modification of the surface and near¬ 
surface regions of the interrupted structure can be expected. 
As the individual layers in the MLs discussed here are less 
than ten atomic layers thick, and some are of the order of two 
to three atomic layers, there is a possibility of modification 
and mixing at the interface below the treated surface. Monte 
Carlo simulations show that for the Co/Cu MLs, with 10 nm 
Co and 20 nm Cu layers, this effect is not significant for 100 
eV ions, but at 200 eV mixing of Co into Cu occurs over a 
region «0.4 nm in width across the interface below the 
etched surface. In the Co/Pt MLs, considerable displacement 
of atoms from the 0.4-nm-thick Co layer into the underlying 
Pt layer is predicted at 100 eV, but in the case of the 1.2 nm 
Co layers, this is only significant at energies above 300 eV. 
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and (b) ion etched 16x(l nm Co/2 nm Cu) MLs. 


The effects in the ion treated Co/Pt MLs discussed here 
can be compared to those reported for Co/Pt MLs sputter- 
deposited in “thermalizing” conditions, 1 which result in 
rougher interfaces and coarser microstructures and stronger 
perpendicular anisotropy and %ger coercivities. We can 
therefore reasonably interpret our results for the loss of per¬ 
pendicular anisotropy in Co/Pt MLs in terms of surface 
smoothing at the lower ion energies aiM microstructural 
modification involving mixing and roughening of the inter¬ 
face at higher energies. 

The progressive loss of GMR and antiferromagnetic 
coupling in the ion-assisted Co/Cu MLs may have been due 
to modification of the microstructure and texture of the lay¬ 
ers and/or interface regions. The initial increase in GMR in 
the low energy ion etched MLs, and in the thermally an¬ 
nealed structures, followed by a los., at higher energies, sug¬ 
gests strongly that increased electron scattering was caused 
by interface/surface smoothing. We plan to investigate these 
suggested microstructural and interface changes by high 
resolution electron microscopy and x-ray reflectometry. 
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Anomalous interface magnetism in ultrathin Co films with in-plane 
anisotropy 
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Using the magneto-optical Kerr effect, we have observed a striking sensitivity of the magnetic 
properties of ultrathin Co/Cu(001) films to submonolayer coverages of Cu. In particular large 
nonmonotonic changes of the coercive field H c , the height of the M-H loop (magneto-optical 
signal), and the ratio 5 of remanent and saturation magnetizations are observed. With increasing Cu 
thickness the coercivity first sharply decreases, reaching a minimum at around 0.2 monolayer (ML) 
followed by a gradual increase. In contrast, the magneto-optical signal is found to peak strongly at 
the same Cu overlayer thickness of 0.2 ML, decaying in magnitude with further Cu coverage. 


I. INTRODUCTION 

It is now well established experimentally that nonmag¬ 
netic overlayers can drastically affect the magnetic properties 
of ultrathin magnetic films as reported by Przybylski et al. 1 
and Weber et al. 2 More recently, Engel et al. 3 have shown 
the influence of ultrathin Cu, Ag, and Pd overlayers on the 
perpendicular magnetism of Co/Pd(lll) films, where the co¬ 
ercive field exhibits a nonmonotonic dependence on the non¬ 
magnetic overlayer thickness. It is therefore of interest to test 
the effect of a nonmagnetic overlayer in the ultrathin regime 
for a film with in-plane anisotropy. The Co/Cu(001) astern 
displays in-plane anisotropy, 4-7 and upon coating with sev¬ 
eral monolayers (ML) of Cu, a reduction of the Curie 
temperature, and of the out-of-plane anisotropy 9 and coer¬ 
cive field 10 are known to occur. 

II. EXPERIMENT 

The experiments were carried out in an ultrahigh 
vacuum chamber with a base pressure of 1.0X10 -10 mbar, 
and a pressure of less than 5.0X10 -10 mbar during Co and 
Cu deposition. Ar + sputtering (1 kV) and annealing up to 
700 K resulted in a clean and well-ordered Cu(001) surface. 
Magneto-optical Kerr effect in the transverse geometry 4 has 
been employed for recording hysteresis loops, with the mag¬ 
netic field aligned along the (110) easy axis. 4,6 Co and Cu 
films were grown with the sample at 300 K with typical 
deposition rates of 0.1 ML/min for Co and 0.05 ML/min for 
Cu (judged using the Auger peak heights and, for the Co, the 
sharp onset of ferromagnetic order as a guide). 10 All mag¬ 
netic measurements were performed at 300 K. 

III. RESULTS AND DISCUSSION 

The thickness d q, of the Co layers has been varied be¬ 
tween 1 and 2 d c , where d c is the critical thickness at which 
long-range order occurs at 300 K. The absolute value of d c is 
between 1 and 1.7 ML. 7-9,11,12 

In Fig. 1 we display several M-H loops of a 1.6 d c Col 
Cu(001) film obtained during growth of the Cu overlayer. 
Clearly minute coverages reduce H c drastically and change 
S, the ratio of remanent magnetization to saturation magne¬ 
tization. Surprisingly, the squarest loop is obtained for a 
small Cu overlayer thickness of approximately 0.2 ML. A 


careful analysis of all M-H loops during this growth se¬ 
quence reveals a nonmonotonic dependence M sa , (the loop 
amplitude) and H c on Cu thickness d Cxi as shown in Fig. 2, 
and of S (not shown). In particular the coercivity exhibits a 
sharp minimum at the thickness at which S and M sat peak. 

For all Co thicknesses studied, qualitatively similar 
variations in each of these quantities are observed, except 
that the nonmonotonic behavior of S is less pronounced for 
thinner films, for which S is closer to unity than for the 



FIG. 1. Various M-H loops of a 1.6 d c thick Co/Cu(001) film during a Cu 
overlayer growth sequence, with Cu overlayer thickness </q, of 0.04, 0.16, 
and 0.36 ML for (a)-(c), respectively. 
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FIG. 2. The results of a careful analysis of the Cu overlayer growth se¬ 
quence of a 1.&4 thick Co/Cu(001) film are shown, revealing the nonmono¬ 
tonic behavior of the saturation magneto-optical signal M ut in (a), and the 
coercive field H c in (b). 


thicker Co films. We define the peak enhancement as fol¬ 
lows: 


M s „(0) 


with </cu=0.2 ML, 


( 1 ) 


We can now summarize the main experimental findings for 
all the structures studied as follows: H c always rapidly drops 
by roughly a factor of ~3, and A is always of the order of 
20% upon the deposition of only 0.2 ML of Cu. 

In Fig. 3 we show the thickness dependence of A/ sat of a 
1.5 d c thick Co/Cu(001) film. We notice again a nonlinear 
behavior in the submonolayer range as in Fig. 2. At higher 
coverages we see a noticeable drop v>f A/ sal below the value 
for the uncovered Co/Cu(001) film, which is more pro¬ 
nounced than that which would be caused by optical attenu¬ 
ation through the Cu layer. A low-energy electron diffraction 
study of the energy dependence of the Bragg peak intensity 



FIG. 3. The behavior of M m for a 1.5<f c thick Co/Cu(001) film. Note Af ul 
drops below the value for the uncovered film at high Cu coverages. 


maxima for the (00) beam did not indicate strong changes in 
the perpendicular lattice parameter occurring upon Cu depo¬ 
sition. 

The drop in H c may indicate a drastic change in the 
magnetic anisotropy. A correlation between the change in 
perpendicular anisotropy and coercivity induced by an over¬ 
layer is reported by Engel etal . 3,13 for Cu-coated Co/Pd 
films. We would like to point out that Schneider et al 8 report 
that the coercive field of films grown at 300 K is much 
higher than for those of identical thickness grown at 450 K. 
This observation is consistent with our data if we assume 
that the films grown at high temperatures correspond to the 
coated structures we have studied, as suggested by the obser¬ 
vation by Kief et a/. 14 that surface Cu segregation occurs at 
elevated temperatures. 

The increase in magneto-optical signal with Cu deposi¬ 
tion is surprising. We find that the degree of enhancement 
due to the 0.2 ML Cu overlayer is comparable with the in¬ 
crease in magnetic signal that would occur for an equivalent 
increase in the Co thickness. Schneider et al. 8 report a reduc¬ 
tion of the Curie temperature T c upon Cu deposition: there¬ 
fore one might expect a reduction of A/ Sat upon Cu deposi¬ 
tion. Since H c and M sat change with Cu overlayer thickness 
dcu, it is feasible that T c could also be a general function of 
dca, with the reported reduction 8 being the limiting behavior 
at higher Cu coverages. However, because T c increases rap¬ 
idly with Co thickness, 8,15 any effects due to a change in T c 
should be more pronounced for films with a thickness of 
1.1 d c than for those of 1.7 d c \ our findings show a similar 
behavior for all Co thicknesses. We can therefore rule out 
changes in the Curie temperature as a possible mechanism 
for the enhancement in loop amplitude we observe. 

At present we cannot rule out the possibility that the 
deposition of small amounts of Cu acts like a “surfactant,” 
improving the structural quality of the film. This is suggested 
by the almost perfectly square loop shown in Fig. 1(b) for 
0.2 ML Cu coverage. However, further Cu deposition causes 
the loop to become less square, which contradicts this expla¬ 
nation at higher thicknesses. Also the peak enhancement is 
difficult to explain via surfactant effect. It is also possible 
that the Cu overlayer affects magnetic domain pinning or 
domain wall energies. 

In our opinion, the most likely mechanism for the behav¬ 
ior we observe is that the evolving interface electronic struc¬ 
ture influences the magnetic properties (anisotropy in par¬ 
ticular). Recent calculations by Freeman 16 show that the 
presence of a Cu overlayer considerably influences the mag¬ 
netism of fee Co/Cu(001). The anomalous anisotropy behav¬ 
ior observed by Engel et al. 3,13 is believed to arise from the 
interface electronic structure, although we note that in this 
case the maximum effect is obtained for a nonmagnetic over¬ 
layer thickness of around 0.8 ML. In our view, the signifi¬ 
cance of the present work is that it implies that “anomalous” 
interface-induced changes in the magnetic properties may 
also occur for films with planar anisotropy, suggesting that a 
common mechanism may apply in both cases. 
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IV. SUMMARY 

In summary, we have observed a nonmonotonic depen* 
dence of-magnetic properties of ultrathin Co/Cu(001) films 
upon coating with submonolayers of Cu that may originate in 
the electronic structure of the interface. Most important, we 
report an enhancement of the magneto-optical signal upon 
deposition of 0.2 ML Cu. Surprisingly, these observations 
suggest that features analogous to the anomalous anisotropy 
in perpendicular Co/Pd(lll) films 3,17 also occur in the in- 
plaue Co/Cu(001) system. These results emphasize the im¬ 
portance of the interaction between the substrate and the 
magnetic layer, which can give rise to striking and largely 
unexplored effects in the submonolayer range. 
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FMR studies of magnetic properties of Co and Fe thin films on Al 2 0 3 
and MgO substrates 
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| Kazan Physicotechnical Institute, 420029 Kazan, Russian Federation 

1 L. R. Tagirov 

< Kazan State University, 420008 Kazan, Russian Federation 

| F. Schreiber, P. Bodeker, K. Brohl, Ch. Morawe, Th. Muhge, and H. Zabel 

Institut fur Experimentalphysik, Ruhr-Universitdt Bochum, 44780 Bochum, Germany 

The effect of substrates on the magnetic properties has been studied for Cc and Fe films both on 
A1 2 0 3 (1120) and MgO (001) substrates by using ferromagnetic resonance techniques. For Fe(C01)/ 
j MgO(001) samples the thickness dependence of the magnetocrystalline constant and of the effective 

1 j magnetization values have been determined from the in-plane angular variation of the resonance 

field H 0 . Different reasons for the thickness dependencies of these parameters are discussed. For 
j Co( 111)/A1 2 O 3 (1120) the angular variation of H 0 exhibits an uniaxial anisotropy, for which several 

; causes are discussed. For Co(1120)/Mg0(100) a four-fold in-plane anisotropy was observed which 


is due to the twinned structure of these samples. 

i 

! 

i 

j I. INTRODUCTION 

Magnetic properties of thin films are affected to a large 
degree by interfacial effects arising from the interaction of 
s the film with the substrate. Understanding these interface 

, anisotropies in thin ferromagnetic layers is also very impor- 

| tant for dealing with the more complex problem of magnetic 

■ multilayers and in particular with the analysis of exchange 

; coupling. Recently, anisotropy measurements using the lon¬ 

gitudinal Kerr effect were carried out on cobalt films grown 
by molecular beam epitaxy (MBE) 1 and on iron films pre- 

i pared by rf sputtering techniques. 2 For the observed anisotro- 

j pies possible sources for the film/substrate interaction were 

suggested. However, final conclusions can only be drawn 
; after detailed investigations of the thickness and temperature 

dependences of the anisotropy have been carried out. It is 
well known that the ferromagnetic resonance (FMR) tech¬ 
nique is a powerful tool for the study of ragnetic anisotro- 
i pies. Here we report the results of a FMR study of the in- 

■ plane anisotropy of Co and Fe films on A1 2 0 3 (1120) and 
MgO(OOl) substrates over wide temperature and thickness 

! ranges. 

1 

| II. EXPERIMENT 

I Cobalt films were grown by MBE techniques on 

i Al 2 O 3 (1120) and MgO(OOl) substrates. During film growth 

’ the substrate temperature was held constant at T s ~620 K for 

the sapphire substrate and at T S -3Q0 K for the magnesium 
| oxide substrates. The sample preparation and the growth 

^ conditions are described in more detail in Ref. 3. Some films 

j were exposed later to high temperatures (470 K) at a hydro¬ 

gen atmosphere of about 100 mm Hg. For one sample the 
, effect of the substrate temperature on the anisotropy was also 

! examined. 

The Fe films were grown by rf sputtering on MgC(001) 
i substrates at 300 K in a 5XKT 1 Pa pure Ar (99.999%) 

plasma with a growth rate of 0.1 A/s. Further details are 
| provided in Ref. 4. In order to prevent oxidation, the iron 


films were covered by a protective gold layer of 40 A thick¬ 
ness. 

The structural properties of films were studied by out-of¬ 
plane and in-plane x-ray scattering experiments. It should be 
noted that the structural quality of our rf sputtered films , 

come close to the quality of the MBE grown epitaxial films. 4 
The epitaxial relation of bcc Fe(100) on fee MgO(lOO) fol¬ 
lows the 45° epitaxy expected from the bulk lattice con¬ 
stants, i.e., the Fe[100] in-plane axis is p? r allel to the J 

MgO[110] axis. Thin Co films on A1 2 0 3 (1120) substrates 
grow in a fee or hep structure depending on the film thick- ; 

ness with either the (lll)-axis or (0001) pointing perpen- j 

dicular to the film plane. Co films on MgO(lOO) substrates . 

grow in the hep structure with the (1120) plane parallel to the ; 

film plane. i 

FMR experiments were carried out at 9.4 GHz in the j 

temperature range from 20 to 400 K. The angular dependen- j 

cies of the spectra were observed with both the dc magnetic 
field and the high frequency field in the film plane. • 

( 

\ 

III. RESULTS j 

A. Fe/MgO j 

The results of the FMR measurements were analyzed 
using the standard formalism (see, e.g., Ref. 5). Magnetic 
free energy was taken consisting of a Zeeman 
F z = -MH sin 0c.os(<f>-<fi H ), a demagnetization F D 
= 2vM 2 cos 2 #, and a magnetocrystalline anisotropy term 

F c =I Ki(sin 2 2#+sin 4 # sin 2 2<f>), (1) j 

where #(# w ) and <P(4>h) are the angles of the magnetization \ 

M (magnetic field H) with respect to the film normal and to j 

the x axis in the film plane (xy plane), respectively. In our 
geometry 0 H = -n/2. 1 

By fitting the four-fold angular dependence of the reso¬ 
nance field position H 0 , the 4 t tM value and the cubic an¬ 
isotropy constant K x were determined. In Fig. 1 is plotted 
as a function of the reciprocal film thickness L ~ 1 and in Fig. 
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FIG. 1. The anisotropy constant K t for Fe(001) on Mg0(001) plotted as a 
function of reciprocal Fe film thickness and for different temperatures. 

2 4-rrM is plotted as a function of temperature and for the 
different film thicknesses. These data clearly show a thick¬ 
ness dependence of K x and of 4vM. 

The thickness dependence of K x may be caused by the 
epitaxial misfit between film and substrate. If the epitaxial 
stress is located within a few atomic layers near the interface, 
we expect K x to vary inversely proportional with the film 
thickness because K x represents the volume density of the 
anisotropy energy. X-ray scans from these films revealed 
structural features which are consistent with this 
interpretation. 4 

The thickness dependence of 4ttM comes as a surprise, 
at least for the thickness range studied here. However, it 
should be stressed that our FMR experiments cannot distin¬ 
guish between an apparent decrease and a real reduction of 
the saturation moment due to interface effects. These possi¬ 
bilities shall be discussed in the following. 

An apparent renormalization of the saturation moment 
could be caused by epitaxial misfit stresses. In this case a 
term accounting for the magnetostriction effects should be 
included in the expression for the free energy. The angular 
dependence of this contribution is similar to that for the de¬ 
magnetization term. Therefore, in the expression for the free 



FIG. 2. The temperature dependence of the 47rAf value plotted for all stud¬ 
ied samples. 


energy the effective value 4itM cS should be used. Evaluat¬ 
ing the contribution from the magnetostriction effect to 
4ttM cB , the correct sign is recovered, but the magnitude is 
far from being able to explain the reduction. 

A more important contribution to the apparent reduction 
of 47 tM eff may come from the axial crystal field generated 
by interfaces. This uniaxial anisotropy field leads to perpen¬ 
dicular anisotropy of thin films. 7 Estimates show that this 
reason is partly responsible for the apparent reduction of 
4it M e ff as observed by FMR. 

At this point we would like to discuss the possibilities 
for a real reduction of the net magnetic moment. Early ob¬ 
servations of moment reductions .n rather thick films 8 could 
be discarded because of c ;de formations on film surfaces 
resulting in “dead layers” (see. e.g., Ref. 9). However, this 
seems not to be the case here because of the use of a protec¬ 
tive gold layer. From a theoretical point of view, band struc¬ 
ture calculations lead, in general, to moment enhancements 
at (inter)surfaces due to band narrowing effects (see, e.g., 
Refs. 10 and 11). However, in these calculations, possible 
quantum fluctuation effects of the local moments cannot be 
incorporated. They are important at real interfaces resulting 
from random anisotropy fields and changes of the sign of the 
exchange coupling. In our case, for instance, antiferromag¬ 
netic (super)exchange interaction between Fe spins via oxy¬ 
gen ions at the Fe/MgO interface can be expected. Then the 
ground state would not correspond to a fully satun/ed ferro¬ 
magnetic moment of the film. Strong frustrations of ;he ex¬ 
change coupling may even lead to some canting of the spins 
near the surface or interface (“surface magnetic 
reconstruction” 12,13 ). 

B. Co/ Al ? 0 3 

FMR measurements on the angular variation of the reso¬ 
nance field H 0 showed a uniaxial in-plane anisotropy, which 
can be described by the free energy: 

F C =K X sin 2 0+/e 2 -sin 4 0(/C„/2)sin 2 0 cos 2 <f>. (2) 

Figure 3 shows the temperature dependence of the in¬ 
plane uniaxial anisotropy field H U =KJM for two samples 
with rco=120 A and r Co =350 A. For the r Co =120 A thick 
sample the H u value increases with decreasing temperature, 
whereas for the sample with t Co ~ 350 A, H u is reduced as 
compared to the thinner sample and is nearly temperature 
independent. After annealing the thin sample in a hydrogen 
atmosphere, the H u value drops and approaches the H u value 
for the thick sample. Moreover, we noticed that lowering the 
substrate temperature during film growth has the effect of 
decreasing the H u and its temperature dependence seems to 
disappear. 

From these observations at least two contributions to the 
uniaxial anisotropy can be inferred. The temperature depen¬ 
dent part may be caused by strains arising from the differ¬ 
ence in thermal expansion coefficients of the substrate and 
the film. This part depends on the growth temperature and 
decreases after annealing at temperatures lower than the 
growth temperature. The temperature independent part may 
be due to internal oxidation of Co atoms along the oxygen 
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FIG. 3. The temperature dependence of the in-planc uniaxial anisotropy field 
H U =K U !M shown for two samples of Co(lll)/ Al 2 O 3 (1120) with film 
thicknesses <6,=120 A and rc„=350 A. In addition, the data for the thinner 
sample are shown before and after annealing. 

chains on the A1 2 0 3 (1120) surface as was suggested in Ref. 
2, or due to the existence of an array of steps on the surface 
of the substrate which creates uniaxial in-plane anisotropy, as 
observed by Heinrich et al. u 

C. Co/MgO 

The in-plane angular variation of the FMR resonance 
field clearly exhibits a four-fold anisotropy for Co on 
MgO(001) similar to anisotropies usually observed for cubic 
crystals in the (100) plane. In contrast to Fe, the Co films 
have hep (1120) orientation with the c axis in the film plane. 
By surface x-ray scattering methods it was established that 
the Co films on MgO exhibit a twinned structure with the 
c-axis oriented parallel to the MgO[100] and MgO[010] di¬ 
rections. This twin structure, in turn, causes an apparent four¬ 
fold structural and hence a four-fold magnetic in-plane an¬ 
isotropy. It can be supposed that the strong exchange 
interaction provides the coupled uniform motion of moments 
of different crystal domains, thus generating a single FMR- 
resonance line. For the anisotropy contributions of the two 
crystallographic domains the averaged magnetocrystalline 
term can be written as: 

F c =~ l 2 (K [ + 2K 2 )sm 2 e+ § K 2 sin 4 0 

+ \K 2 sin 4 # cos 4<f>. (3) 

Here /Cj and K 2 are the first- and second-order uniaxial mag¬ 
netocrystalline anisotropy constants. In this case the values 
measured in FMR are //,■=4 ttM+H ai +H a2 /2 and H A2 
{H A \—K\IM and H A2 =K 2 IM). If for 4 ttM the bulk value 
is assumed, a negative value for H Al is obtained, indicating 


that 4ttM is reduced. This reduction is most likely due to the 
reasons already discussed above for the case of Fe/MgO. 

IV. CONCLUSIONS 

FMR measurements of MBE grown Co films and of rf 
sputtered Fe films on the A1 2 0 3 (1120) and MgO (001) sub¬ 
strates have been performed over a wide temperature range 
and for several film thicknesses. For all studied systems, 
film/substrate interactions were detected. The particular an¬ 
isotropy observed depends on the specific substrate material 
chosen and on the preparation conditions such as substrate 
temperature during growth. Thus, for iron films on the 
MgO(OOl) substrates, a reduction of the 47rA/ eff value in 
comparison to the bulk saturation moment was observed 
with decreasing thickness. It was argued that this effect may 
possibly be caused by surface contributions to the out-of- 
plane axial anisotropy. An additional contribution may come 
form an interface reduction of the saturation moment. In the 
case of Co/A 1 2 0 3 samples with the Co fee [111] axis perpen¬ 
dicular to the film plane a strong and unexpected uniaxial 
in-plane anisotropy was observed. This anisotropy probably 
arises in part from the difference of the thermal expansion 
coefficients of the film and the substrate and in part from the 
oxidation of Co along oxygen chains on the Al 2 O 3 (1120) 
surface or from step arrangement on the surface of the sub¬ 
strate. Finally, for Co films on MgO(OOl) substrates a four¬ 
fold in-plane anisotropy was observed due to the twinned 
hep structure of the film and a decrease of the 47rM e£f value 
was obtained resembling the Fe/MgO system. 
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The relationship between; the microstructure and magnetic properties 
of sputtered Co/Pt multilayer films (abstract) 
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Co/Pd multilayer films (MLFs) are of interest because of their potential application as high-density 
magneto-optical recording media. Co/Pd MLFs with varying Co and Pd layer thicknesses were 
grown by sputter-deposition onto (100) Si wafers. X-ray diffraction and high resolution electron 
microscopy were used to study the microstructure of the films, and Lorentz microscopy was used to 
analyze their maguftic domain structure. The films show an fee crystal structure with a 
compromised lattice parameter and a strong (111) crystallographic texture in the growth direction. 

The compromised interplanar spacing parallel to the surface increased with decreasing thickness 
ratio (tcJt ¥ i), and the columnar grain size decreased with increasing Pd layer thickness. Films with 
/ Co =0.35 nm and r Pd =2.8 nm (columnar grain diameter 20 nm) showed promising magnetic 
properties, namely a high perpendicular magnetic anisotropy (1.85 X10 5 Jm" 3 ), with a 
perpendicular coercivity of 98.7 kAm -1 , a perpendicular remanence ratio of 99%, and a 
perpendicular coercivity ratio of 88%. The magnetic; domains were uniform and of a narrow stripe 
type, confirming the perpendicular easy axis of magnetization. The Curie temperature was found to 
be about 430 °C. Films of pure Co and Pd, grown for comparison, also showed columnar grain 
structure with grain-sizes of the same order as those seen in the MLFs. In addition the Pd films 
showed a (111) textured fee structure. 
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Magnetic anisotropies of. ultrathin transition-metal films are inherently related to their structural 
properties. In ultrathin films the Izr^ fraction of atoms located at the film interface generates strong 
interface anisotropies, whereas “'.isiic strain fields caused by the forced registry of atoms at the 
substrate/film interface induce magnetoelastic anisotropy contributions. 1-3 So far the experimental 
confirmation of the transition from these thin-film properties to bulk anisotropy properties, 
characterized by a dominating magnetocrystalline anisotropy, has hot yet been presented. Magnetic 
anisotropies reflect, depending on their origin, both the crystallographic symmetry and the 
symmetry of the film geometry. For a clear separation between magnetoelastic, magnetocrystalline 
and Neel-type interface anisotropy contributions, the film symmetry and thickness must be chosen 
such that the respective different anisotropy contributions appear with different symmetries and film 
thickness dependencies. This is the case for (llO)-oriented fcc Co films. In the present study we use 
the Brillouin light-scattering technique for the determination of the anisotropy contributions. An 
analysis of the spin-wave frequency measured as a function of the in-plane direction of the external 
field and the film thickness yields information about all relevant anisotropies. The samples used 
were molecular-beam-epitaxy grown in ultrahigh vacuum. Onto a Cu (110) single-crystal substrate 
a wedge-type sample and two staircase-shaped samples with distinct thicknesses in the range of 
8-110 A were grown. To obtain symmetric Co/Cu interfaces the Co layers were covered with a 12 
A Cu layer. Finally, a 25-A-thick Au protective layer was deposited. Low-energy 
electron-diffraction studies were used to obtain the structural data of the films. All relevant 
anisotropy contributions—the magnerocrystalline anisotropy, and the uniaxial in-plane and 
out-of-plane anisotropy contributions—were determined. Three different anisotropy regimes are 
observed as a function of the Co layer thickness d q,. This thickness regime up to 13 A is dominated 
by the magnetoelastic anisotropy contributions as a result of the pseudomorphic film growth of the 
Co layer. For Co layer thicknesses larger than 13 A we find a reduction of the magnetoelastic 
anisotropy contributions. This is structurally correlated to an anisotropic relaxation of the in-plane 
Co lattice constant. In the regime of rfco>50 A we observe a thickness-independent value for the 
magnetocrystalline anisotropy contribution Ki = -8.5X10 5 erg/cm 3 . This anisotropy contribution 
is largely suppressed for d c <,-<50 A. This finding might either indicate a breakdown of the usually 
postulated linear superposition principle of magnetic anisotropy contributions to the free anisotropy 
energy, or it might point to a subtle modification of the electronic band structure. At the onset of the 
magnetocrystalline anisotropy we find a change in the easy magnetization direction from (001) for 
thin Co films to (111) for thicker ones. For a more detailed discussion see Ref. 4. 
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Nature of half-metallic ferromagnets: Transport studies 
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Massachusetts 02139-4307 

The half-metallic ferromagnetic compounds due to the absence of states at E F for minority spin 
electrons, as predicted by band theory, should exhibit unique features in their transport properties. 
Transport measurements conducted as a function of T and H for NiMnSb and PtMnSb thin films 
show interesting behavior. In H=0, the resistivity versus T shows the absence of the T 2 dependence 
at low temperature found in ferromagnets such as Fe, Ni, etc. The Hall constant increases 
significantly below about 100 K for both compounds; NiMnSb shows a factor of seven increase. 
Transverse magnetoresistance changes sign between 295 and 4.2 K. Transport data seem to imply 
a drop in the carrier density and a large increase in their mobility at low temperatures, which is 
consistent with zero density of states for minority spins at E F , but additional measurements are 
needed to clarify theoretical understanding. 


I. INTRODUCTION 

The prediction of an energy gap for the minority spin 
carriers at the Fermi level ( E F ) in certain Heusler alloys has 
not yet been verified. 1 Such materials have been called as 
half-metallic ferromagnets, in that only majority spin carriers 
occupy the Fermi level, leading to 100% polarized conduc¬ 
tion electrons. Among several compounds which may be 
classified as HMF, NiMnSb, and PtMnSb are the two com¬ 
pounds that have been studied the most. 2 ' 4 However, very 
limited transport measurements have been carried out. The 
study on polycrystal and single-crystal bulk samples of 
NiMnSb and PtMnSb by Otto et al? covers the resistivity 
and Hall-effect measurements in the whole temperature 
range, from the ferromagnetic Curie temperature to the 
liquid-helium range. However, detailed temperature variation 
of p at low T is lacking. For normal ferromagnets such as Fe, 
Ni, and Co near liquid-helium temperatures, p varies as T 1 
due to spin flip scattering of charge carriers by magnons. 5,5 
In the case of an HMF material the absence of spin-down 
states at E F is expected to change the character of spin scat¬ 
tering, leading to the absence of spin flip scattering for the 
majority spin carriers, with p vs T not showing T 2 depen¬ 
dence at low temperatures. The ultimate test of the theoreti¬ 
cal prediction is the direct measurement of spin polarization 
of conduction electrons which can be performed by spin- 
polarized tunneling technique. In order to carry out tunnel¬ 
ing, thin films are orders of magnitude better than single 
crystals for preparing planar tunnel junctions. In addition, 
careful transport measurements can be performed with rela¬ 
tive ease and sensitivity. In this paper we concentrate on the 
magnetotransport properties of thin films of NiMnSb and 
PtMnSb compounds. 

II. EXPERIMENTAL 

Thin films of NiMnSb and PtMnSb were prepared by 
three-source coevaporation on glass substrates held at 450- 


500 °C. After annealing these films at the deposition tem¬ 
peratures for 20 min, they were cooled to room temperature 
by turning off the heater. Films were analyzed by x-ray dif¬ 
fraction, EDX, and Auger depth profiling to confirm the for¬ 
mation of correct phase and chemical composition. Film sur¬ 
faces showed nonstoichiometry down to several tens of A 
and beyond that, 1:1:1 ratio of the three elements were ob¬ 
served within the accuracy of the Auger analysis. In order to 
prepare tunnel junctions over these films the surface was 
cleaned by Ar ions at shallow incident angle and immedi¬ 
ately covered with A1 2 0 3 by sputtering onto these films using 
a sapphire target. Aluminum thin films, 40 A thick, served as 
the top electrode. Tunnel junction preparation was carried 
out in a modified ion milling system. Optimum conditions 
for obtaining useful junctions are yet to be found. 

Magnetotransport measurements of these films were car¬ 
ried out in the temperature range of 300-1.1 K and applied 
magnetic field up to 20 T. using a water-cooled Bitter mag¬ 
net. Results of these measurements are presented below. 

III. RESULTS AND DISCUSSION 

For both NiMnSb and PtMnSb the resistivity decreased 
with temperature as shown in Fig. 1. For these films p at 300 
K is higher than that reported by Otto et al? for single crys¬ 
tals of NiMnSb and PtMnSb. In the case of NiMnSb, p de¬ 
creases more rapidly below about 100 K, whereas PtMnSb 
shows a nearly uniform drop in p. Detailed low-temperature 
variation of resistance for both compounds is shown in Fig. 
2. Below ~15 K the resistance decreased linearly with tem¬ 
perature. This is different from the T 2 dependence of p ob¬ 
served for normal ferromagnets such as Fe, Ni, and Co in 
this temperature range, 5 and also observed by us for a pure 
Fe film prepareo under similar conditions as used for 
NiMnSb and PtMnSb films. 

Transverse magnetoresistance of both PtMnSb and 
NiMnSb films was negative at 295 K, all the way to 20 T. At 
liquid-helium temperatures it changed to a positive value for 
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FIG. 1. Temperature variation of resistivity for NiMnSb and PtMnSb com¬ 
pound thin films. Note the rapid drop in resistivity below —100 K for 
NiMnSb. 


FIG. 3. Transverse magnetoresistance of NiMnSb and PtMnSb in high ap¬ 
plied magnetic fields. 


NiMnSb, the change occurring below —50 K. However, in films showed a decrease in resistance from 0 to —1 tesla at 
the case of PtMnSb, at low temperatures, magnetoresistance all temperatures, expected for a ferromagnetic films in a field 
started out negative and then increased with increasing H due to the buildup of magnetization. PtMnSb has higher val 
beyond -7-8 T. These results are shown in Fig. 3. Both ues of A/? compared to NiMnSb. 
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FIG. 2. Detailed temperature dependence of resistance for NiMnSb and 

PtMnSb compound thin films at low temperatures, showing linear depen- FIG. 4. Hall coefficient (in units of 10” 10 m 3 A* 1 S" 1 ) variation as a func- 
dence. Lines through the data points are linear fits. tion of temperature for NiMnSb and PtMnSb films. 
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The Hall-effect, as expected for a ferromagnetic mate¬ 
rial, showed two components as a function of applied mag¬ 
netic field. In fields up to ~1 T, a large anomalous Hall 
voltage was observed and beyond which the ordinary Hall 
voltage (positive) increased linearly with H. The anomalous 
part decreased as T decreased, consistent with an increase in 
the film magnetization. Ordinary Hall constant ( R 0 ) plotted 
in Fig. 4 as a function of T shows a small increase down to 
~100 K, below which it increases significantly by about 
20% for PtMnSb and by a factor of 7 in the case of NiMnSb. 
Similar behavior was observed earlier by Otto et al. 3 in poly¬ 
crystalline bulk samples. 

The transport properties of the above HMF compounds 
thus show unique features. There are no theoretical models to 
explain this behavior. The temperature variation of p is inter¬ 
esting, particularly the linear dependence of p vs T. Accord¬ 
ing to theoretical prediction, if there are no spin-down states 
at Ep , then spin flip scattering for spin-up charge carriers 
due to magnons is forbidden. This will lead to the absence of 
T 2 dependence of p and to an increase in the mobility of the 
charge carriers. Since the Curie temperature of PtMnSb and 
NiMnSb are 582 and 730 K, respectively, 2 one may not ex¬ 
pect many magnons at near-helium temperatures, This means 
absence of T 2 dependence of p does not provide conclusive 
proof for the absence of spin-down states at E F . In addition, 
scattering processes such as electron-phonon, electron- 
electron, etc., can give rise to nontrivial p-T dependence. 
However, ordinary Hall coefficient increase by a large 
amount as T decreases shows significant changes in the car¬ 
rier concentration and mobility. Caution should be exercised 
in the above interpretation since in NiMnSb, for example, the 
Fermi surface consists of three hole sheets and parts of it are 
electron-like. 1 In any case, a factor of seven increase ir. R 0 
for NiMnSb indicates a decrease m the carrier density at low 
temperature. The mobility also has to increase considerably 
in order to explain the drop in the resistivity in the same 
temperature region. Between 4.2 and 295 K the saturation 
magnetization does not change more than 5%-6% for NMS. 
Within limits, the above ad hoc interpretation of the Hall and 
resistivity data appears to be consistent with the prediction of 
a gap for minority spin carriers at E F . Although HMF is not 
quite like a semiconductor, transport behavior of our films is 
somewhat similar to that seen in doped or narrow-gap semi¬ 
conductors. If the minority spin gap is much smaller than the 
predicted 0.5 eV in NiMnSb, then its effects can be realized 
only at lower temperatures where thermal activation across 
the gap becomes negligible. Presence of small quantities of 
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other phases, below the detection limit of powder x-ray dif¬ 
fraction, can also dilute the HMF effect in these materials. 
Negative magnetoresistance at higher temperatures for 
N»MnSb may be interpreted as due to inelastic s-d scatter¬ 
ing, which reduces to negligible values at low temperatures, 
which in turn is due to reduced thermal fluctuations and to 
the absence of spin-down states at Ep. This tentative expla¬ 
nation again depends on the presence of an energy gap for 
minority spin carriers. In PtMnSb the corresponding energy 
gap is even smaller 1 and hence the effects are smaller. The 
effect seen in the transport measurements can also result 
from a structural phase transition beiow room temperature. 
The above conjectures need more support from further stud¬ 
ies on these compounds. For instance, thermal conductivity, 
specific heat, and MOKE measurements as a function of tem¬ 
perature and magnetic field will certainly shed more light 
onto the nature of these compounds. In addition, structural 
studies below room temperature are necessary. 

IV. CONCLUSIONS 

In summary, NiMnSb and PtMnSb compound thin films 
show interesting temperature changes of resistivity and Hall 
coefficient. This behavior appears to be consistent with the 
band structure calculation for these half-metallic compounds. 
However, study of other properties is needed to confirm the 
above observation. 
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Magnetoresistance and magnetic properties of NiFe/oxide/Co junctions 
prepared by magnetron sputtering 
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NiFe/oxide/Co junctions were fabricated by magnetron sputtering for studies of polarized electron 
transport across the insulating barrier. A1 2 0 3 , A1-A1 2 0 3 , and MgO insulating barriers were prepared 
with junction resistances from 0.5 to 116 ft. The I-V characteristics at room temperature are linear. 

For low barrier resistance, the magnetoresistance of the structure is dominated by the anisotropic 
magnetoresistance of the ferromagnetic electrodes. For the higher barrier resistances, a different 
magnetoresistance effect is observed, which is tentatively related to tunneling or spin-valve effects 
across the insulating junction. 


I. INTRODUCTION 

Ferromagnetic/insulator/ferromagnetic junctions have 
been studied in the past 1-3 in order to clarify the effect of 
spin polarization on the tunneling current across the insulat¬ 
ing barrier. These experiments were carried out at low tem¬ 
peratures in the tunneling regime of the I-V curve. A change 
in the junction zero-bias conductance was observed, which 
depended on the relative magnetic state of the bottom and 
top electrodes. Due to the relative size of electrode and junc¬ 
tion resistances, the magnetoresistance (MR) of the ferro¬ 
magnetic electrode was neglected. 

Recently, 4 work has been reported on NiFe/Al-Al 2 OyCo 
junctions. These authors claim spin-tunneling effects at room 
temperature, although it is not clear how the MR of the fer¬ 
romagnetic electrodes was avoided. 

In this paper we describe a study of NiFe/oxide/Co 
structures, where three types of oxide barriers were prepared, 
reactively sputtered A1 2 0 3 and MgO, and thermally oxidized 
A1-A1 2 0 3 . A systematic study of junction resistance, I-V 
characteristics, oxide structure, and magnetoresistance be¬ 
havior is reported. We find that when junction resistance is of 
the order of the electrode resistance, electrode MR domi¬ 
nates. For junction resistance much larger than electrode re¬ 
sistance, the observed magnetoresistance is ascribed to tun¬ 
neling across the oxide. 

II. EXPERIMENTAL METHOD 

The samples were p.epared by magnetron sputtering in a 
system with a base pressure of 1X10 -7 Torr. The ferromag¬ 
netic and insulating layers were deposited through metallic 
masks to produce the cross pattern shown in Fig. 1(a). The 
junction has an active area of 1 mm 2 , and the oxide layer is 
deposited through a circular mask with a diameter of 5 mm 
in order to prevent shorts between the top and bottom elec¬ 
trodes. The ferromagnetic electrodes were deposited at a rate 
of 1 A/s in a magnetic field of 100 Oe to induce an easy-axis 
direction along the Ni 81 Fe 19 and Co bars. 

The insulating oxide layers were prepared by thermal 
oxidation of a metallic A1 layer, and by reactive rf sputtering 


‘'Also at 1ST, Av.Rovisco Pais, 1600, Lisbon, Portugal. 


of AI 2 0 3 or MgO in a mixed Ar/0 2 atmosphere, containing 
2%-10% 0 2 by volume, from metallic A1 and Mg targets. 
The reactive sputtering of the oxide layers was done at power 
densities of 1 W/cm 2 , rates of 0.1-0.2 A/s, at an Ar pressure 
of 1.5 mTorr. In the thermal oxidation method, a thin layer of 
A1 was deposited on top of the NiFe electrode. The sample 
was brought to atmosphere and oxidized in air for 36-100 h 
to produce an A1-A1 2 0 3 layer. The Co layer was then depos¬ 
ited. The oxide thickness was varied from 25 to 300 A, and 
electrode thickness was either 400 or 1500 A. 

The oxidation process was studied by Rutherford back- 
scattering (RBS). For this purpose a thin Si(100)/NiFe(50 
A)/Al 2 O 3 (f)/Co(50 A) structure was prepared without break¬ 
ing vacuum. Figure 2 shows the oxygen content, obtained by 
RBS, for a series of samples with various A1 2 0 3 thicknesses. 



FIG. 1. (a) Schematic diagram of the ferromagnet/insulator/ferromagnet 
cross structure; (b) enlarged view of the junction area. 
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FIG. 2. Oxygen content determined by RBS analysis, for the reactively 
rf-sputtered A1 2 0 3 junctions. The symbols represent different angles of in¬ 
cidence of the beam from 0° to 75°. 


The oxygen content is proportional to the oxide thickness, 
and the slope indicates an Al 2 0 3 stoichiometry. The extrapo¬ 
lation to the origin corresponds to a NiFe oxide layer of 20 
A, The measured 0 2 content at the origin is due to the Si0 2 
native layer on the substrate. The main conclusion is that 
during the initial growth of the A1 2 0 3 layer, the NiFe is being 
oxidized. 

The main problem with these thin oxide layers is the 
existence of pinholes, leading to a low junction resistance of 
a few ohms. Also, the junction resistance sometimes de¬ 
creases significantly at current densities as low as 0.1 A/cm 2 . 
This occurs through irreversible dielectric breakdown taking 
place for fields of the order of 2X10 5 V/cm. 

III. RESULTS AND DISCUSSION 

Table I summarizes the oxide type and thicknesses stud¬ 
ied, and the measured junction and electrode resistances. The 
junction resistance includes both insulator and electrode re¬ 
sistances. The electrode resistance in the junction area was 
measured using the same geometry as shown in Fig. 1, but 
without the oxide layer. A simple calculation of this resis¬ 
tance shows that most of the current in the junction area is 
in-plane. Notice that high junction resistances were observed 
only for MgO barriers. In this case, junction resistance is 
about 800 times higher than electrode resistance. Fcr the A1 
oxides, most junction resistances are of the order of the elec¬ 
trode resistance. 


TABLE I. Oxide types, thicknesses, junction resistance, and electrode resis¬ 
tance in the junction area. 


Insulator 

Junction 

Electrodes 

(A) 

R 

(O) 

r(each) 

(A) 

J? (total) 

(H) 

AI 2 O 3 

100 

0.4 

1000 



400 

20 

400 

0.75 

A1-A1 2 Oj 

40 

1.0 

400 

0.75 


60 

1.4 

400 

0.75 


too 

0.9 

400 

0.75 


200 

0.4 

400 

0.75 

MgO 

150 

116 

1500 

0.15 


100 

0.4 

1500 

0.15 





e l: _i-:—i-■-1 

-50 -25 0 25 50 

H (Oe) 

FIG. 3. Magnetization hysteresis loop for a NiFe/Al-Al 2 Oj/Co structure 
with the field applied parallel to the Co easy axis (long axis of the bar). The 
arrows show the relative orientation of the NiFe and Co magnetizations. 


One signature used to indicate tunneling is a nonlinear 
behavior of the I-V curve. This has been shown at low tem¬ 
peratures for Fe/Ge/Co, 1 and Ni/NiO/(Ni,Fe,Co) junctions. 
Our I-V characteristics at room temperature are linear over 
four orders of magnitude, and therefore give no evidence for 
tunneling across the oxides. 

Another signature for tunneling across an insulating bar¬ 
rier comes from the magnetoresistance measurement. 
Slonzceski’s theory for spin tunneling a oss an insulating 
barrier 5 predicts that the magnetoresistance is a function of 
the cosine of the angle between the magnetizations in both 
electrode layers. In Fig. 1(b) we show the junction structure 
under study. The easy axis on both electrodes are at 90° to 
each other, such that we will always have one of the layers in 
a hard direction when the field is applied along one of the 
electrode bars. With this structure, one of the magnetizations 
reverses by rotation, therefore producing a configuration 
where the angle between the two magnetizations varies from 
0° to 180°. 

Figure 3 shows the hysteresis loop for a 
NiFe/Al-A^CtyCo structure where the electrode thickness is 
400 A, oxide thickness is 40 A, and the junction resistance is 
1.0 O. The applied field is parallel to the Co easy axis. The 
NiFe is in a hard-axis direction and should start reversing at 
a 4 or 5 Oe positive field. This is not observed. The curve is 
shifted giving rise to 100% remanence at H-0. This may 
indicate a ferromagnetic 2-3 Oe pinhole coupling. Between 
-5 and -20 Oe the magnetizations of the Co and NiFe 
layers are antiparallel. 

Figures 4(a)-4(d) show the magnetoresistance behavior 
for the same sample, for different orientations of the applied 
field, either parallel to the Co easy axis (a), parallel to the 
NiFe easy axis (b), or at ±45° to the Co easy axis (c) and 
(d). The main conclusion of these results is that the observed 
MR comes from the anisotropic magnetoresistance produced 
by the in-plane current component in each electrode [see Fig. 
1(b)]. In Fig. 4(a) the Co reverses by domain-wall motion 
leading to no AMR. On the other hand, the NiFe is perpen¬ 
dicular to the in-plane current component at saturation, and 
becomes parallel at near-zero field, leading to the observed 
positive AMR. In Fig. 4(b) the N-Fe now reverses by 
domain-wall motion (no AMR), and the Co rotates from per¬ 
pendicular to the in-plane current at saturation to parallel to 
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FIG. 4. Magnetotesistance for the same structure shown in Fig. 3, but with 


H(Oe) 


1 the magnetic field applied along different orientations. The angular depen¬ 

dence of the MR comes from the anisotropic magnetotesistance of the fer- FIG. 5. Magnetoresistance for a NiFe/MgO/Co structure, where the junction 
I romagnetic electrodes. Junction resistance is of same order as electrode resistance is much larger than electrode resistance. No AMR is observed. 

! resistance. 


the in-plane current at 2 ero field. The definite proof of AMR 
is the negative magnetoresistance found in Fig. 4(c), where 
both the NiFe and Co at zero field have magnetization com¬ 
ponents perpendicular to the current. This result is not unex¬ 
pected since in this sample the junction resistance is 1.0 Cl, 
which is of the order of the electrode resistance in the junc¬ 
tion area. 

On the other hand, on one of the NiFe/MgO/Co samples, 
the junction resistance is about 800 times larger than the 
electrode resistance, and it is now possible to probe the junc¬ 
tion MR. In this case, the voltage across the electrode arms 
comes mainly from the junction. Figure 5 shows the mea¬ 
sured MR signal, for an electrode thickness of 1500 A and 
oxide thickness of 150 A. Contrary to the sharp positive and 
negative MR peaks shown in Fig. 4, which are characteristic 
from electrode AMR, Fig. 5 shows essentially positive MR 
for all orientations. In Fig. 5(a) plateaus occur in the MR at 
low fields, when the magnetizations of the electrodes are 
antiparallel. This geometry, and the measured hysteresis loop 
is similar to that described in Fig. 3. These MR results are 
characteristic of tunneling or spin-valve effects. 3,4 

The details of Figs. 5(b) and 5(c) are not yet fully un¬ 
derstood, and are being investigated with respect to the pos¬ 
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sible exchange coupling between MgO and the NiFe or Co 
layers, and the formation of magnetic oxide compounds at 
the interfaces. When dielectric breakdown occurred in this 
same sample, and junction resistance dropped to 3.5 Cl, the 
electrode AMR became comparable to the junction signal. 
Again, we emphasize that the MgO junctions show linear 
I-V curves at room temperature. This may indicate that the 
observed MR has a different origin than tunneling. 

The main conclusion of this study is that further work is 
needed in order to produce stable, high-resistive junctions, 
with high dielectric breakdown. Only in this case can the 
junction contribution to the perpendicular MR be measured. 
Whether tunneling effects across insulating layers can be ob¬ 
served at room temperature, remains an open question. 
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Changes in resistivity behavior of metallic glass Fe 7 oNi 12 B 16 Si 2 due to 
molybdenum substitution for nickel 
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The changes in the resistivity behavior of metallic glass Fe 7 oNii 2 - x Mo x B 16 Si 2 are reported as a 
function of Mo substitution (x=0, 2, 4, and 6 ) for Ni at temperatures between 300 and 1.5 K. 


The temperature dependence of the resistivity of many 
magnetic and nonmagnetic metallic glasses below room tem¬ 
perature results from a number of scattering mechanisms, 
and localization and Coulomb interaction effects in the 
highly disordered structures. Metallic glasses with Fe-rich 
composition based on Fe 80 B 20 and Fe 80 B 20 _*Si J( , which are 
ferromagnetic, normally show a positive temperature coeffi¬ 
cient of resistivity (TCR) at room temperature, and their re¬ 
sistivity exhibits a minimum in its value usually at a tem¬ 
perature (r min ) below 20 K. Addition of Ni or Co for Fe in 
such systems does not shift T min very much but addition of 
Cr or Mn does change the resistivity substantially as far as 
T min is concerned. It is known that a substitution of Mo, a 
nonmagnetic metal, reduces the Curie temperature ( T c ) of 
F e 8 o ®20 (R e f- 1) and (Fe ( ^MoJ^P 16 B 8 Al 3 (Ref. 2) appre¬ 
ciably, the effect of Mo being more drastic in the latter glass. 
On the other hand, substitution of Mo in a metallic glass like 
Fe 70 Ni 12 B, 6 Si 2 does not change T c and magnetic properties 
as much as in the above two mentioned metallic glasses . 3 
The similarity of magnetic properties of Cr and Mo substi¬ 
tuted Fe-B-Si glasses has motivated us to investigate whether 
a similarity in the resistivity behavior also exists in these two 
types of glasses. We present measurements of the resistivity 
of the metallic glass system Fe 70 Ni 12 _ ;t Mq l B 16 Si 2 . These 
glasses remain ferromagnetic at room temperature (RT) and 
below even for x=6. We compare the results with those re¬ 
ported for Cr substitution in ferromagnetic glasses and dis¬ 
cuss them qualitatively. 

Fe 70 Ni 12 - ;c Mo J ,Bi 6 Si 2 samples (SO, S2, S4, and S 6 , cor¬ 
responding to *=0, 2, 4, and 6 , respectively) were prepared 
at Allied Signal. The ribbons were 0.5 cm wide and 20 fim 
thick. Glassy structure was confirmed by x-ray diffraction 
and differential scanning calorimetry. The resistance was 
measured between 300 and 1.5 K using the four-probe dc 
method. The temperature was changed quasicontinuously 
with a 5-10 K/h drift in temperature. The samples were en¬ 
closed in a double can, one in high vacuum with an inner can 
for the samples having 0.1 Torr of He gas for good thermal 
contact. Changes in the resistance with an accuracy of better 
than two parts in 10 s were detected. The accuracy in the 
room-temperature resistivity is determined by geometrical 
factors. Curie temperature ( T c ) determined by a vibrating 
sample magnetometer as well as by differential scanning 
calorimetry are in good agreement with each other. 


The normalized resistivity r(T) = p(T)/p 0 , where p 0 is 
the resistivity at the ice point, is plotted in Figs. 1 and 2 as a 
function of temperature. Table I lists room-temperature resis¬ 
tivities p(RT), temperature coefficient of resistivity (TCR) 
defined as [p~ l (dpldT)], assuming linear T dependence of p 
near RT, and Curie temperatures ( T c ) for the samples. The 
resistivity increases with the addition of Mo, the initial in¬ 
crease being about 30% for x=2 after which the change is 
about 5 cm/Mo at. %. The TCR, the magnitude of which 
is typical of most metallic glasses, decreases with increasing 
room-temperature resistivity, hence with Mo concentration. 
This is expected from Mooij’s correlation . 4 Although 
samples S4 and S 6 have p(RT) higher than 150 ptfl cm, the 
TCRs for these samples are still positive at 300 K. 

The temperature dependence of normalized resistivity 
r(T) (Figs. 1 and 2) exhibits substantial changes as the Mo 
concentration increases. Sample SO behaves typically as 
other iron-rich metallic glasses like Fe 80 B 20 , with almost lin¬ 
ear behavior near 300 K. A minimum in resistivity is ob¬ 
served at 15 K, and below this temperature the resistivity 
ratio shows a negative TCR. For S2 the temperature depen¬ 
dence becomes less pronounced, and exhibits a resistivity 
minimum at about 45 K. However, the resistivity minimum 
is much broader than that for SO. Higher Mo concentration 
changes the resistivity behavior significantly. The minimum 
shifts to much higher temperatures. r min values for S4 and 
S 6 are 195 and 232 K, respectively. Because T mm for S 6 is 
close to room temperature, its negative TCR range is much 



■■’Present address: Department of Physics, Texas A & M University, College FIG. 1. Normalized resistivity r(T) vs temperature T: (a) Fe^i^B^Sij 
Station, TX 77843. (sample SO) and (b) Fe 70 Ni 1 oMo 2 B 16 Si 2 (sample S2). 
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FIG. 2. Normalized resistivity r{T) vs temperature T\ (a) Fe 7 oNi 8 Mo < B 16 Si 2 FIG. 3. Ar/r(min) vs T U1 for samples (a) Fe 70 Ni I2 B 16 Si 2 , and (b) 
(sample S4) and (b) Fe 70 Ni < iMo 6 B| 6 Si 2 (sample S6). Fe 7 oNi 10 Mo 2 B 16 Si 2 for T<T mm . 


larger than for the other samples. The total change in resis¬ 
tivity from RT to 2’=r min for SO is about 5% while this 
change is less than 1% for other samples. These figures also 
show that r(T) of both samples S4 and S6 exhibits a weak 
maximum followed by another weak minimum at lower tem¬ 
perature. The broad resistivity minimum for S2 may be con¬ 
sidered as the precursor to the development of a second 
minimum. Similar results have been reported for glassy 
Fe 80 _*(>*£20 (R e ^ 5) and Fc 80-* Mo .* B 20 ( Re f- 1) although 
it has been reported that r min for glassy Fe go _^Mo x B 2 o (Ref. 
6) increases with x up to x=A but then reduces for x=6 
while we find that, for our sample S6, T min is larger than that 
for S4. We speculate that this difference may be due to the 
presence of Ni in this glass. A reasonable linear correlation 
between r min and p(RT), and T min and T c within experimen¬ 
tal uncertainty is observed. These correlations indicate the 
possible importance of roles played by the structural disorder 
and the magnetic property of the samples in addition to other 
physical mechanisms in determining the behavior of their 
minimum in resistivity. The temperature at which a local 
maximum in resistivity is observed for S4 and S6 is practi¬ 
cally the same for both samples, while the temperature r min2 , 
at which the second resistivity minimum is observed, de¬ 
creases slightly with increasing Mo concentration. Values of 
T min and r min2 are listed in Table I. Errors in these values are 
determined by the flatness of the resistivity variation near 
these temperatures. 

For discussion purposes we shall divide temperature in¬ 
tervals as follows: (1) T>T min , (2) T<T min2 , and (3) 
T mM <T<T mm . For T>T mia , the resistivity ratio r(T) can 
be fitted to a second-order polynomial in T with a linear 
coefficient of the order of lO' 4 K _l , and a quadratic coeffi¬ 


TABLE I. Various measured parameters for Fe 70 Ni l2 . I Mo,B 16 Si 2 metallic 
glasses. For explanation of symbols see the text. 


X 

(at. %) 

p(RT) (±5%) 
(fjSl cm) 

TCR (RT) 
(K- 1 ) 

^aua 

(K) 

(K) 

T m in? 

(K) 

Tc 

(K) 

0 

109 

2.64X10* 4 

15±2 

... 


700 

2 

139 

8.94X10' 5 

45±5 



635 

4 

152 

3.04X10* 5 

195+2 

22+2 

13±2 

558 

6 

161 

1.38X10" 5 

232+2 

20+2 

10+2 

476 


cient of the order of 10 -7 K -2 between 200 and 300 K indi¬ 
cating the possibility of a contribution from magnetic scat¬ 
tering to the total resistivity. 7 For lower temperatures but 
above r min , a quadratic fit in T adequately describes r(T) 
which may include the T 2 magnetic scattering term 7 in addi¬ 
tion to the T 2 contiibution as predicted by Ziman’s theory. 8 
Data for S4 and S6 samples were also fitted to the second- 
order polynomial in T for T>T mm which resulted in a linear 
term with a negative coefficient of about 5 XII) -5 (K -1 ) and 
a positive quadratic term of the order of 10" 7 (K -2 ). The T 2 
term, we believe, is due to the magnetic scattering 7 since the 
Ziman theory predicts a linear T dependence near RT. The 
negative linear term is most probably the contribution due to 
the incipient localization effect as expected from Mooij’s 
correlation with p(RT). In the negative TCR region, it is 
controversial as to whether the increase in p(T) of ferromag¬ 
netic glasses is due to a “Kondo-type effect,” structural dis¬ 
order induced two level states, or weak localization and Cou¬ 
lomb interaction effects. Numerous reports indicate that the 
temperature dependence of resistivity of many magnetic and 
nonmagnetic metallic glasses can be fitted to T 112 reasonably 
well below T, at which minimum in resistivity is observed, 
with negative slope as predicted by Coulomb interaction 
theories. 9 To check whether our samples show the similar 
trend, we have plotted, in Figs. 3 and 4, Ar/r(min)=[p(r) 
-p(min)]/p(min) vs T U2 for T< 7 min for SO and S2, and 
TC T m in 2 f° r S4 and S6. It is seen that it exhibits a linear 
behavior, and that the slopes for all of these samples are 
approximately constant (-5X10 -4 K 1/2 ). A similar observa¬ 
tion was reported for Fe 8 o-^Cr i .B 2 o samples for a< 20. 5 Ac¬ 
cording to the Coulomb interaction theory, 9 the major contri¬ 
bution to the resistivity arises from the diffusion channel 
which predicts an additional term to the conductivity, which 
in absence of spin-orbit interaction is given by 5 


<r D (H,T) = 



X 


4 

3 





83(h) 2 

1.3 


where 
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FIG. 4. Ar/r(min) vs T m for samples (a) Fe 70 Ni 8 Mo 4 B 1 jSi 2 , and (b) 
F c 7 oNi 6 Mo 6 Bi 6 Si 2 for T<T mi ^ 



is a measure of the electron-phonon interaction. The function 
83 (h), where h=gfjt, B H/k B T, has the asymptotic form 
0.056 /j 2 for h< 1 and (A 1/2 —1.3) for h> 1. Various constants 
have the usual meaning. We have calculated an upper limit 
for D, the diffusion constant, from this expression by taking 
the limit =0 and find it to be ~3.5X10 -5 and 7.8X10 -5 
m 2 /s for SO and S6 samples. These are typical values (within 
a factor of 2) reported for other metallic glasses. Hence, the 
assumption that the temperature dependence of the resistivity 
of FeyoNi^.^Mo^B^Sij at temperatures below 10 K is 
dominated by the Coulomb interaction effects seems to be a 
reasonable one. 

We have also plotted Ar/r(min) vs T in for S4 and S6 in 
the region T m „<T<T mm in Fig. 5 since these samples show 
two minima in p(T). It is clearly seen that Ar/r(min) shows 



T^K'A) 

FIG. 5. Ar/r(min) vs T in for samples (a) Fe 70 Ni 8 Mo 4 B 16 Si 2 , and (b) 
FeroNi«Mo 6 Bi 6 Si 2 for T Bkx <T<T mm . 


a linear dependence on —T m in this temperature interval 
also. We also find that Ar/r(min) for these samples can be 
fitted to an expression (a - b In T) equally well in this tem¬ 
perature interval which is predicted by either two-level tun¬ 
neling or Kondo-type magnetic scattering, 10 however, the co¬ 
efficient b is about one order of magnitude greater than that 
found for Fe 80 B 2 o- x C ;t and similar metallic glasses. 7 The 
slope of Ar/r(min) vs T m in this temperature range is only 
about one and a half times larger than that found below 
Whether this J 1/2 temperature dependence is due to 
Coulomb interaction effects or not is difficult to conclude at 
this time although one would expect these effects not to be 
appreciable at such large temperatures. Most probably, the 
higher-temperature region has resistivity contributions from 
other mechanisms, e.g., magnetic scattering, localization ef¬ 
fects, etc., as well, and one needs to do additional measure¬ 
ments like the magnetic field dependence of r(T) to get a 
better understanding. 

Thus, the resistivity behavior of Fe 70 Ni 12 - x Mo x B 16 Si 2 is 
similar to that of Fe-Cr-B metallic glasses, 3 i.e., the tempera¬ 
ture dependence of resistivity shows two minima as Mo con¬ 
centration is increased. Since it is very difficult to make high 
concentration Mo amorphous samples, it is difficult to deter¬ 
mine whether T mm (observed at larger temperatures) would 
start decreasing for large Mo concentration samples or not. 
Similarity of Mossbauer spectra of Mo and Cr substituted 
Fe-B-Si/Fe-Ni-B-Si and Fe-B-Cr samples, the fast decrease 
in Curie temperature with concentration, and the similar be¬ 
havior of resistivity indicates that Mo in these glasses in¬ 
duces an “interaction” similar to that of Cr. It has been 
suggested 2 that this interaction is an “antiferromagnetic” 
type based on the observations of the fast decrease of Curie 
temperature of (Fej_ x Mo x ) 75 P 16 B 5 Al 3 with increasing Mo 
concentration, and the similarity of Mossbauer spectra of 
Fe 80 _ x M x B 20 (Af=Cr, Mo). A more detailed analysis and 
measurements of the magnetic field dependence of the resis¬ 
tivity minima and maximum need to be done in order to fully 
elucidate the role of Mo in this metallic glass system. Such 
measurements are in progress. 

We thank Dr. V. R. V. Ramanan for providing samples. 
This work was supported at the University of Hyderabad by 
the Department of Atomic Energy (India), and at Texas A & 
M by the Robert A. Welch Foundation (A-05i4). 
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Anisotropic magnetism and resistivity of an AI 7 oNi 15 Co 15 
decagonal quasicrystal 
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We report the results of dc magnetization and electrical resistivity studies of a single-domain 
Al 7 oNi 15 Coi 5 decagonal quasicrystal. The temperature dependence and anisotropy of the electrical 
resistivity are in excellent agreement with previous results for a similar sample. The magnetic 
properties were determined by superconducting quantum interference device magnetometry over the 
temperature range 1.8-300 K for magnetic fields between 10 Oe and 10 kOe. The magnetic 
behavior can be characterized by a weak ferromagnetic component M 0 (H) which saturates in 
moderate fields (H** 1 kOe) and a differential susceptibility, x 0 =AM/A/f, obtainable from the 
high-field data. The observed magnetization M = is slightly anisotropic and essentially 

temperature independent below room temperature. For H parallel to the quasicrystal axis, we 
observe ^ 0 |=7.1X10 -7 emu/g and M 0 ]|=2.0X10~ 3 emu/g. For H perpendicular to the 
quasicrystal axes, we obtain* 01 = 8.2X10“ 7 emu/g and A/ 0 i = 1.7 X10 ~ 3 emu/g. An anisotropic 
and weak superconducting transition was observed at T= 3.2 K, corresponding to a 
superconducting volume fraction of only ~10 -3 . 


Although a great deal of experimental effort has been 
directed at understanding the unusual nature ol' quasicrystal- 
line materials, 1 only recently, wi‘h the discovery of the two- 
dimensional decagonal quasicrystals, 2 ’ 3 has it been possible 
to make a direct comparison between properties in the qua¬ 
sicrystalline and periodic directions of the same material. 
The decagonal quasicrystalline material Al 70 Nij 5 Co 15 was 
recently 4 shown to exhibit appreciable transport anisotropy. 
In this work, we verify the transport properties observed in 
Ref. 4 and present the results of dc magnetic measurements; 
the magnetic data indicate a weak anisotropy in the conduc¬ 
tion electron susceptibility and the presence of small quanti¬ 
ties of both ferromagnetic and superconducting inclusions in 
the single-domain Al 70 Ni 15 Co 15 quasicrystal studied. 

The single-grain crystal used in this study (~0.6 
x0.6X3 mm 3 ) was prepared and characterized in a similar 
manner to that used for specimens previously described, 5 
The temperature dependence of the anisotropic resistivity 
was determined from conventional four-terminal measure¬ 
ments with careful placement of voltage and current leads. 
The magnetic data were obtained at temperatures in the 
range 1.8-300 K using a Quantum Design model MPMS 
superconducting quantum interference device (SQUID) mag¬ 
netometer. Because of the small signal from the ~7 mg qua¬ 
sicrystal, a custom sample holder was employed which uti¬ 
lized a cancellation of Pauli paramagnetic and Langevin core 
diamagnetic contributions, resulting in an extremely low 
background signal. For example, at J=50 K with H= 10 
kOe, a background moment of only ~1X10 -6 emu was 
obtained, compared to the quasicrystal moment of 
~6X10 -5 emu (i.e., only a 1-2% typical correction). A 
point-by-point subtraction of the sample holder background 
was used for all data to avoid possible nonlinearities in the 


background response. For the observed susceptibilities, de¬ 
magnetization effects were negligible. 

Figures 1 and 2 both define the geometries used in this 
study and show the results of the electrical resistivity mea¬ 
surements. The resistivity in the periodic direction (perpen¬ 
dicular to the quasicrystal axes) of Fig. 1 exhibits the posi¬ 
tive temperature coefficient expected for delocalized 
electronic states in a metal. However, in the quasiperiodic 


Periodic Direction Resistivity 



T(K) 


FIG. 1. The resistivity in the periodic direction as a function of temperature 
for a single-domain specimen of the decagonal quasicrystal Al 70 Ni 15 Co 15 . 
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AI 7, Ni lA 5 

Quasi-periodic Direction Resistivity 




FIG. 2. The resistivity in the quasicrystalline direction as a function of 
temperature for a single-domain specimen of the decagonal quasicrystal 
Al 7 oNi ls Co, s . 


direction, Fig. 2, we observe the resistivity to increase with 
decreasing temperatu.e between ~250 and 300 K, and then 
decrease before levelling off at low temperatures. As men¬ 
tioned above, this result is in good agreement with a previous 
study 4 using the Montgomery method, where such nonmetal- 


Al7oNi 15 Co 15 



FIG. 3. Isothermal magnetization at (a)T=300 K and (b)T=60 K as a 
function of magnetic field applied parallel to the periodic direction of 

Al7oNii 5 CO|5. 


AI^Ni^Co^ 



FIG. 4. Isothermal magnetization at (a) 7=300 K and (b) 7'=60 K as a 
function of magnetic field applied parallel to the quasicrystalline direction of 
Al, 0 Ni 15 Co 15 . 


lie behavior was argued to be consistent with phonon- 
assisted tunneling of carriers in extended states. 

In Figs. 3(a) and 3(b) are shown isothermal magnetiza¬ 
tion data as a function of the external magnetic field, taken 
with the field perpendicular to the quasicrystalline axes, for 
T= 300 and 60 K, respectively. Similar data are shown in 
Fig. 4 for the magnetic field applied parallel to a quasicrys¬ 
talline axis. The nonlinear behavior may be characterized by 
a ferromagnetic component which saturates in moderate 
fields (//«1 kOe) followed by the more usual linear increase 
in magnetization with field at higher fields. Several observa¬ 
tions are in order. First, the overall behavior is nearly isotro¬ 
pic and essentially temperature independent. Such 
temperature-independent behavior implies that whatever is 
responsible for the ferromagnetic component (whether it be 
clusters, inclusions, or paramagnons) cannot be attributed to 
extremely small nanoclusters, which would be expected to 
exhibit superparamagnetic behavior above some blocking 
temperature. Second, the ferromagnetic component exhibits 
remanence at 60 K [note the y intercept of the data in Figs. 
3(b) and 4(b)], which disappears at room temperature. The 
lines in Figs. 3 and 4 are linear fits to the high-field region 
where the ferromagnetic component has presumably satu¬ 
rated. The intercepts of these lines with the magnetization 
axes provide the saturated moment of the ferromagnetic 
component, with temperature-independent values of 
A/ 0i = (1.7±0.1)X10- 3 emu/gfor// perpendicular to the 
quasicrystal axes and Af 0 y = (2.0±0.1)X10“ 3 emu/g for H 
parallel to the quasicrystal axis. If the anisotropy in Af 0 is 
attributed to shape anisotropy of the possible inclusions or 
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Temperature (K) 

FIG. 5. High-field differential susceptibility, Xoas a function of 
temperature for magnetic fields applied both perpendicular (open circles, 
HI Q) and parallel (filled circles, H||(2) to the quasicrystalline direction of 
Al 70 Ni 1 jCo|5. 

clusters, this would imply (for ferromagnetism) that their 
shape is prolate with the shorter axis perpendicular to the 
quasicrystal direction, a reasonable result. We point out, 
however, that the observed values of M 0 correspond to only 
about 1X10~ 3 /z fl per formula unit ot Al 70 Ni, 5 Co 15 , a rather 
small ferromagnetic component. 

To obtain the underlying field-independent susceptibility 
(the slope of the lines in the high-field regions of Figs. 3 and 
4), magnetization data were taken as a function of tempera¬ 
ture between 1.8 and 300 K for applied fields H= 5 and 10 
kOe. The intrinsic susceptibility was then defined by 
X 0 =AA//A//. The results are shown in Fig. 5. The uata are 
essentially temperature independent between about 30 and 
250 K, with a Curie-like impurity tail at low temperatures. 
The Curie-like term corresponds, for example, to only 
~2X10 -3 free Co 2+ moments per formula unit of 
Al 70 Ni 15 Co 15 . A small but persistent anisotropy in the value 
of Xo is observable in Fig. 5. The average values of the data 
for temperatures between 30 and 250 K are 
Xoi = 8.2X 10 -7 emu/g and Xos = 7.1 X10 -7 emu/g. Such 
values are appreciably higher than that reported 4 for 
Al 65 Cu 15 Co 2 o, where Xo 551 “ * x 10 -7 emu/g; that small 
value was attributed to a nearly sp-like band at the Fermi 
energy. The larger value for Al 70 Ni 15 Co 15 is somewhat unex¬ 
pected, given the similar transport properties of the two ma¬ 
terials. If one estimates a contribution to Xo due to core 
diamagnetism of Xcorc^'l-SXlO -7 , 6 the bare density of 
states from the resulting Xo value * s N(Ep)^ 160 states 
eV -1 per formula unit of Al 70 Ni 15 Co ls , or N(E F ) = 1.6 states 
eV' 1 atom -1 . However, this may be an overestimate, since 
we have neglected any possible Van Vleck paramagnetism 
(e.g., due to Co 3t ), which is difficult to determine. 

Finally, in Fig. 6, we show magnetization data as a func¬ 
tion of temperature taken under both zero-field-cooled (ZFC) 
and field-cooled (FC) conditions in a field of H= 10 Oe. A 


Al7oNii 5 Co 1s 



1 2 3 4 5 

Temperature (K) 


FIG. 6. Magnetization as a function of temperature in a field // = 10 Oe 
applied (a) parallel to the quasicrystalline direction and (b) perpendicular to 
the quasicrystallinc direction for Al 70 Ni| 5 Co| 5 . Both zero-field cooled (ZFC) 
and field-cooled (FC) data are shown. 

weak superconducting transition is observable at 7=3.2 K; 
the strength of the signal corresponds to a superconducting 
volume fraction of only -47rx„ C3 10 -3 . One candidate for 
superconductivity in this temperature regime would be inclu¬ 
sions of amorphous aluminum. The signal for //||Q (Q is the 
quasicrystalline direction) is about five times larger than for 
HI Q. Such behavior is opposite of that expected for demag¬ 
netization effects due to prolate inclusions parallel to the 
quasicrystalline planes; however, for small inclusions, pen¬ 
etration depth effects may dominate shape anisotropy. 

In summary, we have reported electrical resistivity and 
dc magnetization measurements on a single-domain decago¬ 
nal quasicrystal of Al 70 Ni 15 Co, 5 . The anisotropic resistivity 
was in good agreement with earlier measurements. Weak su¬ 
perconducting, Curie-like, and ferromagnetic contributions 
were observed, presumably due to defects. A dominant 
temperature-independent susceptibility of~7X10 -7 emu/g, 
with ~10% anisotropy, was observed. 

This work was supported by the National Science Foun¬ 
dation under Grant No. DMR-9158089 and the Robert A. 
Welch Foundation under Grants Nos. F-1191 and A-0514. 
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Mossbauer effect investigation of the pentagonal approximant phase 
in the Fe-Nb system 
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The formation of the pentagonal Frank-Kasper phase (fi phase) in the Fe 50+x Nb S0 _^ system near 
x=0 has been investigated. The effects of composition and heat treatment on the phase diagram of 
this system have been studied. Only the as-cast x=0 alloy was found to consist of a pure /x phase. 

X-ray diffraction patterns indicate the existence of a phase with a high degree of structural order but 
considerable chemical disorder. A Mossbauer spectrum of the /x-phase material exhibits a 
room-temperature quadrupole split doublet with A=0.209 mm/s and an isomer shift 8 = -0.289 
mm/s relative to a-Fe. A shell model analysis of the spectrum indicates a structure with a high 
degree of order. Results are discussed in terms of measurements on related icosahedral and 
decagonal phase materials. 


I. INTRODUCTION 

Mossbauer effect studies of quasicrystals have been im¬ 
portant for an understanding of the microstructure of these 
novel materials. A recent review of these studies has been 
presented by Dunlap and Lawther. 1 A number of methods for 
the interpretation of Mossbauer spectra of quasicrystalline 
materials have been presented in the literature and the infor¬ 
mation which can be obtained from these measurements de¬ 
pends crucially on the techniques applied to their analysis. 
The comparison of results from quasicrystalline materials 
and those of related crystalline phases has been important in 
understanding the relationship of Mossbauer spectral param¬ 
eters and microstructural details. In the present work we have 
considered Mossbauer measurements of the pentagonal ap¬ 
proximant phase in the Fe-Nb system. These results will be 
interpreted in the context of results for related quasicrystal¬ 
line materials. 

II. EXPERIMENTAL METHODS 

Samples of Fe 50+Jt Nb 50 _^ were prepared by melting 
high-purity elemental components in an argon arc furnace for 
compositions with x =0,2. Materials were studied as-cast and 
after annealing for four days at 1000 °C and water quench¬ 
ing. Room-temperature Cu K a x-ray diffraction patterns were 
made of all samples using a Siemens D500 scanning diffrac¬ 
tometer. Room-temperature 57 Fe Mossbauer effect studies 
were performed using a constant acceleration Wissell System 
II spectrometer and a Pd 51 Co source. The intrinsic linewidth 
of the spectrometer for 57 Fe is 0.23 mm/s (FWHM). 

III. RESULTS 

All alloys studied here showed the presence of the pen¬ 
tagonal pt phase. However, only the as-cast £=0 sample was 
free from the presence of impurity phases. This analysis is 
consistent with the phase formation studies of the Fe-Nb 
system reported by Raman. 2 Further investigations presented 
in the present manuscript are confined to the single-phase 
sample. 

X-ray diffraction peaks for the ji phase were well de¬ 
fined with a typical linewidth of A(20)«SO.2° (FWHM), indi¬ 
cating a high degree of structural order. The peak locations 


and relative intensities obtained in this work along with those 
calculated for the /x phase (W 6 Fe 7 structure) with a=4.928 
A and c=26.83 A are given in Table I. The peak locations 
are in excellent agreement with the calculated values 3 for the 
lattice parameters as indicated above. The anomalies in the 
measured intensities for some of the diffraction peaks are an 
indication of the presence of substantial chemical disorder on 
the lattice sites. 

The room-temperature 57 Fe Mossbauer effect spectrum 
of the pentagonal phase of Fe-Nb is illustrated in Fig. 1. This 
spectrum shows the existence of a symmetric quadrupole 
split doublet. Although the individual lines cannot be re¬ 
solved, the shape and width of the absorption peak indicate 
that it is not a singlet. A fit to this spectrum using a Lorent- 
zian doublet yields the mean quadrupole parameters as indi¬ 
cated in Table II. The linewidth of the component lines, 0.29 
mm/s, is slightly greater than the intrinsic linewidth of the 
spectrometer but is substantially less than that found for 
similar fits to spectra of quasicrystalline materials; typically 


TABLE I. X-ray diffraction scattering length and relative peak intensities 
for pentagonal Fe^Nh^ measured in the present work and calculated for the 
pentagonal Frank-Kasper phase. 


Index 

Measured 

Calculated 

d( A) 

I 

4(A) 

/ 

1 1 0 

2.470 

86 

2.471 

72 

0 1 10 

2.273 

67 

2.278 

46 

0 0 12 

2.238 

18 

2.242 

18 

1 1 6 

2.163 

100 

2.165 

75 

20 1 

2.131 

45 

2.133 

35 

1 0 11 

2.120 

53 

2.124 

43 

204 

2.037 

17 

2.039 

16 

025 

1.987 

31 

1.985 

29 

1 1 9 

1.903 

15 

1.905 

15 

0 1 13/2 0 7 

1.867 

11 

1.866 

15 

300 

1.426 

16 

1.426 

20 

2 1 10 

1.385 

15 

1.386 

33 

3 0 6 

1.359 

22 

1.359 

32 

0 1 19/1 2 13 

1.348 

22 

1.348 

48 

0 0 21/1 1 18 

1.278 

20 

1.279 

60 

0 2 17 

1.270 

9 

1.273 

21 

220 

1.236 

20 

1.236 

100 
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FIG. 1. Roora-terapcrature 57 Fe Mossbauer effect spectrum of the pentago¬ 
nal phase of FesoNbjo- The solid line is a least-squares tit to the shell model. 

about 0.36 mm/s. 1 This excess linewidth is, presumably, the 
result of local disorder in the structure as evidenced by the 
anomalous x-ray peak intensities and which produces a cor¬ 
responding distribution of local Fe environments. This be¬ 
havior can be accounted for in the analysis of the Mossbauer 
effect spectrum by fitting the data to a shell model distribu¬ 
tion of quadrupole splittings of the form 1,4 



where n and <r are fitted parameters. The symmetric nature of 
the spectrum indicates the lack of correlation between isomer 
shift and quadrupole splitting distributions. A detailed com¬ 
puter analysis confirms this assumption. The results of the 
shell model analysis for this spectrum are given in Table III 
and the calculated P{ A) is illustrated in Fig. 2. 

IV. DISCUSSION AND CONCLUSIONS 

The existence of a decagonal 9 and icosahedral 10 phase in 
the Fe-Nb system has been demonstrated by electron diffrac¬ 
tion studies of rapidly quenched samples; although single¬ 
phase materials have not yet been prepared. Table I compares 
the mean quadrupole parameters of the pentagonal Fe-Nb 
phase with several other icosahedral and decagonal materi¬ 
als. The mean quadrupole splitting of Fe-Nb is somewhat 
less than in Al-based icosahedral 5 and decagonal' alloys 
where Fe atoms are believed to exist in a highly anisotropic 
environment analogous to the transition metal site environ¬ 
ments in the outer shell of the MacKay icosahedra of a cubic 
approximant phase (e.g., a-AlMnSi) or in the sites of a two- 
dimensional Penrose tiling, respectively. On the other hand, 
the quadrupole splitting of Fe-Nb is much greater than that in 

TABLE II. Results of room-temperature Mossbauer effect studies of some 


quasicrystalline 
p=pentagonal, * 

and related 
=this work. 

materials; i 

=icosahedral, 

d= decagonal, 

Alloy 

Structure 

A (mm/s) 

5 (ram/s) 

Reference 

^415^25^05 

i 

0.369 

+0.234 

5 

Tis^NinFejSi^ 

i 

0.06 

-0.170 

6 

AbsPdijFe^ 

d 

0.372 

+0.185 

7 

FesoNbso 

P 

0.209 

-0.289 

* 


TABLE III. Comparison'of shell model parameters for pentagonal Fe-Nb 
(p) and some icosahedral (i) alloys. *=this work. 


Alloy 

Phase 

n 

<j (mm/s) 

Reference 

AljoTaioFejo 

i 

1.14 

0.363 

8 

AVsCu^Fe,^ 

i 

1.44 

0.283 

5 

Al8oF e llM°9 

i 

1.48 

0.351 

8 

AlaFe^Mn^ 

i 

1.70 

0.144 

1 

FesjNb* 

p 

5.2 

0.088 

* 


typical Ti-based icosahedral alloys. 11,12 where the Fe atoms 
are believed to reside in highly symmetric sites at the center 
of an icosahedral cluster. 

The negative isomer shift observed in this alloy is in¬ 
dicative of an anomalously high electron density at the Fe 
probe sites. This is expected on the basis of the presence of a 
large concentration of early transition metal ( M) atoms in 
the alloy. The value of S observed here is consistent with 
measurements of dilute MFe alloys and near neighbor effects 
of dilute M impurities in Fe (see Ref. 13 and references 
therein). 

The parameters obtained from shell model fits to several 
quasicrystalline alloys are compared with the data for pen¬ 
tagonal Fe-Nb in Table III. The present results are anomalous 
in two respects; an unusually large value of the parameter n 
and an unusually low value of the parameter or, when com¬ 
pared with all results for quasicrystalline alloys reported to 
date. 1 The relationship of these parameters to the detail of the 
microstructure has been discussed by Dunlap et al. s Specifi¬ 
cally, n near unity and a large value of u are characteristic of 
a highly disordered (e.g., amorphous) structure, while in¬ 
creasing values of n (and correspondingly smaller values of 
a) are characteristic of an increase in the degree of micro- 
structural order. This inverse correlation between the values 
of n and a is characteristic of the relationship between the 
shell model and the distribution of local Fe environments in 
the material and is illustrated for typical data for quasicrys¬ 
talline and related materials in Fig. 3. Typically quasicrystal¬ 
line materials have values of n in the range of 1-2, with 
more highly ordered materials (as evidenced from other ex- 



F1G. 2. Quadrupole splitting distribution, P( A), for the spectrum of Fig. 1 as 
obtained from the shell model. 
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FIG. 3. Relationship between the shell model fitting parameters n and a for 
several quasicrystalline and related materials. 


perimental techniques) giving 2. The value of n =5.2 ob¬ 
tained in the present work for pentagonal Fe-Nb indicates a 
much greater degree of order in this crystalline approximant 
phase than in similar quasicrystalline phases. This, presum¬ 
ably, is indicative of the existence of translational symmetry 
in the approximant phase which is lacking in the quasicrys- 
tailine phase. In more specific terms, n is related to the num¬ 
ber of independent distortion vectors d, which are necessary 


to describe the structure as n=d- 1. The present studies 
clearly point to the differences which exist between the mi¬ 
crostructure of quasicrystals and their crystalline approxi- 
mants. 
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Short period oscillations in the Kerr effect of 4d- and 5d-transition metal 
wedpes on Co films (invited) (abstract) 

A. Carl and D. Weller 

IBM Almaden Research Center, San J ere, California 95120-6099 

We report a novel type of short period oscillations in electron-beam evaporated Co films covered 
with wedge-shaped films of Pt, Au, and Pd. Oscillatory behavior, with periods in the range 2-3 A, 
is observed both in the saturation polar Kerr angle and in the high field susceptibility, as a function 
of the wedge position (see Fig. 1). The structures of the type buffer/Co/X wedge/Y cap were made 
by high vacuum evaporation using fused silica as substrates. They consist of a 200 A Pt buffer layer, 
a thin Co layer revealing a perpendicular easy magnetization axis, a transition metal wedge (X) with 
thickness in the range 0-25 A, and a thin Cu or Au cap (Y) layer. The presence of oscillations 
depends critically on the choice of the cap-layer Y. They are distinctly different from long and short 
range period oscillations observed in magnetic sandwich or multilayer structures, since there is only 
one magnetic film involved. The present results will be discussed in the framework of spin polarized 
quantum well states. 



FIG. 1. Oscillatory behavior as a function of the wedge position. 
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Magnetoresistance of CuNiCo ternary alloys (abstract) 

R. S. Beach, D. Rao, and A. E. Berkowitz 

Center for Magnetic Recording Research, University of California, San Diego, La Jolla, California 92093 

Magnetoresistance (MR) measurements on four film samples of the ternary alloy CuNiCo were 
performed at room temperature in fields 20 kOe. Following growth by sputtering onto thermally 
oxidized Si substrates, the films (100-200 nm thick) were annealed between 1 and 6 h at 
temperatures 7^=200, 350, 500, and 700 °C. The samples display anisotropic magnetoresistances 
(AMR) forf/<100 Oe of up to 3% at room temperature for Cu^^G^ (T A =350 °C). Despite the 
fact that in the bulk these alloys tend to phase separate into Co rich and Co poor regions, we find 
evidence for giant magnetoresistance (i.e., an isotopic negative component to the MR) in only one 
sample, Cu 5 jNi 17 Co 3 ,, after a 6 h, 700 °C anneal. In the as-deposited condition, samples 
Cu 2 oNi 5 3 Co 2 7 and Cu^N^Co^ display a pronounced asymmetry between the resistance decrease 
for H applied perpendicular to the current I and the corresponding increase for H parallel to I which 
substantially exceeds the 1:2 ratio in bulk materials or the 1:1 ratio expected for a thin film. The 
large observed values of AMR (more evident in Samples with low Cu concentrations) are likely 
linked to AMR in binary CuCo alloys, which are known to exhibit large AMR. 1 The disparity 
between the MR for H parallel and perpendicular to the current we attribute to magnetic anisotropy 
induced during fabrication. 


'O. Jaoul et al., J. Magn. Magn. Mater. 5, 23 (1977). 
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Kondo, Mixed Valence, and Heavy Fermions I 


J. D. Thompson, Chairman 


Enhancement of the localized behavior in CeNi 0 , 8 Pto .2 Kondo compound 
replacing Ce by magnetic ions (Pr,Nd) 

J. C. Gomez Sal 

Facultad de Ciencias, Universidad de Cantabria, 39005 Santander, Spain 

J. A. Blanco 

Departamento de Fisica, Universidad de Oviedo, 33007 Oviedo, Spain 

J. I. Espeso and J. Rodriguez Fernandez 

Facultad de Ciencias, Universidad de Cantabria, 39005 Santander, Spain 

D. Gignoux 

Laboratoire Louis Neel, CNRS, 166X, 38042 Grenoble Cedex, France 

The substitution of Ce by magnetic ions such as Pr or Nd in the CeNio 8 Pto ,2 Kondo ferromagnetic 
compound riot only favors the magnetic interactions increasing the Curie temperatures, but also 
disturbs the coherence of the Kondo lattice state leading to a decrease of the Kondo temperatures 
and an increase of the Ce intrinsic magnetic moment. These effects have been studied by resistivity, 
magnetization, and neutron diffraction. 


CeNijPt, is among the cerium-based compounds one 
of the systems which presents a clear relationship between 
the cerium state and the cell volume. 1 The orthorhombic 
CrB-type structure is kept through the whole series from 
CePt to CeNi. The variation of the cell volume gives rise to 
changes in the magnetic properties according to the rule “the 
4 f-sd conduction-band hybridization increases with decreas¬ 
ing cell volume.” The substitution of Ce ions by nonmag¬ 
netic Y or La strongly supports this fact. 2 A mostly localized 
Ce 3+ behavior is observed for the larger volume compounds 
(CePt or Ce [ _ ) ,La ) ,Ni x Pt 1 _J while CeNi or 
Ce^yYyNiggPto j, with smaller volumes, show an enhanced 
Pauli paramagnetism or Kondo impurity behavior. From 
CePt, the compounds are Kondo ferromagnets with T x 
(Kondo temperature) increasing with the decreasing volume. 
CeNi 0 8 Pto .2 is the compound with the largest T c (Curie tem¬ 
perature) but close to the crossover between the localized 
and delocalized regime, according to the Doniach diagram. 3 

Recent specific-heat measurements 4 give electronic co¬ 
efficients y with a maximum (y=»200 mJ/K 2 mol) for 
CeNiosPto. 2 - The description of C mag and the re Io ‘' e varia¬ 
tion of T k and y along the series could be interpreted in the 
framework of an S=1/2 resonant level model extended to 
Kondo lattices using a mean field approach as developed by 
Bredl, Steglich, and Schotte. 5 Neutron-diffraction studies 6 al¬ 
lowed us a direct estimation of the Ce intrinsic magnetic 
moment. As can be seen in Fig. 1, the magnetic moment is 
much smaller than that of the free Ce 3+ ion (2.14 p, B ) and it 
progressively reduces with the Ni concentration as a conse¬ 
quence of the enhancement of the hybridization, showing the 
increasing importance of Kondo interactions with the volume 
decrease. It is worth to mention that the diluted (La or Y) 
compounds have magnetic moments according to the corre¬ 
sponding volume effects (see Fig. 1). 

The substitution of Ce by magnetic atoms such as Pr or 


Nd must not only produce a decrease of the volume but also 
have a direct influence on the magnetic interactions. We 
present here the resistivity, magnetization, and neutron- 
diffraction studies performed in two diluted compounds: 
Ce 0 . 9 Pro.iNi 0 8 Pt 0 2 and Ce 0 9 Nd 01 Ni 0 8 Pt 0 2 , referred to as (Pr) 
and (Nd) henceforth. These experiments are compared with 
the results from the “nondiluted compound” CeNi 0 . 8 Pto 2 , re¬ 
ferred to as (Ce). Resistivity, magnetization, and neutron- 
diffraction experiments were performed at the Universidad 
de Cantabra, at the Laboratoire Louis Neel (Grenoble), and 
on the I IB diffractometer of the ILL (Grenoble), respec¬ 
tively. 

We have not observed drastic changes in the general 
shape of resistivity due to the Pr or Nd substitution (Fig. 2). 



CePt X CeNi 


FIG. 1. Magnetic moment of the Ce atoms as a function of the Ni content in 
the CeNi,Pt, series. The moments of the diluted compounds have Deen 
situated with arrows pointing to the solid line used as a visual guide. 
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FIG. 2. Thermal variation of the electrical resistivity. Insert: magnetic con¬ 
tribution to the resistivity p m . 


The magnetic contributions, obtained by subtraction of the 
isomorphous LaNio, 8 Pto, 2 , resistivity and a constant residual 
resistivity term, present a broad maximum attributed to the 
crystal-field effects which are quite strong in these low- 
symmetry compounds. The position of the maximum, which 
is related to the crystal-field-level scheme, does not seem to 
be very sensitive to the introduction of these small concen¬ 
trations of Pr and Nd. The negative slope of p mag at high 
temperatures is related to Kondo interactions, being slightly 
reduced by Nd or Pr substitutions. The Curie temperatures 
10.2 and 9.8 K, deduced from the kinks in (Pr) and (Nd) 
respectively, are slightly higher than that of CeNio, 8 Pto .2 (8.6 
K) and they coincide with those obtained from the Arrot 
plots of the magnetization measurements. 

The magnetization curves at 1.5 K for the three com¬ 
pounds are presented in Fig. 3. They are characteristic of a 
ferromagnetic behavior but the (Pr) and (Nd) curves present 
a notably larger magnetization. At 80 kOe they are far from 
saturation. The extrapolated values of M (H= 0, 7=1.5 K) 
are 0.28, 0.35, and 0.34/%/formula for (Ce), (Pr), and (Nd), 
respectively, thus showing the enhancement of the effective 
magnetic moment on the rare-earth site. The reciprocal sus¬ 
ceptibilities follow a Curie-Weiss law with averaged effec- 



F1G. 3. Magnetization curves at 1.5 K. Insert: thermal dependence of the 
reciprocal susceptibility. 



20 30 40 50 60 70 

FIG. 4. Rietveld refinements of the neutron-diffraction patterns for 
Ce t)9 Nd ()1 Nio 8 Pto .2 at 1.5-K. Vertical marks correspond to the reflexion of 
the two crystalline observed phases. Ce 09 Pro.iNio 8 pto 2 presents a similar 
pattern. 


tive magnetic moments very close to the Ce 3+ free-ion value 
and leading to paramagnetic Curie temperatures. 6^= —49, 
-40 K, and -43 K, for (Ce), (Pr), and (Nd), respectively. 

The neutron-diffraction patterns (Fig. 4), present the 
same characteristics of the rest of the series and previous 
diluted compounds. 6 All of these compounds, prepared in a 
cold crucible induction furnace and annealed for a few days, 
present a splitting on the peaks corresponding to the CrB 
structure. The only way to interpret such diagrams is to con¬ 
sider a kind of spinodal segregation of phases of the same 
structure with slight differences in the cell parameters. With 
these hypotheses the Rietveld refinements give quite accurate 
fits, assuming that Pr or Nd atoms are randomly distributed 
in the same (4c) site occupied by Ce atoms. The obtained 
crystallographic data are presented in Table I. As expected, 
we find a slightly smaller volume for (Pr) or (Nd). 

The diagrams obtained at 1.5 K (in the ordered range) do 
not present supplementary new peaks, but only an increase 
of the intensity of some of them. The magnetic peaks are the 
same as those detected in other magnetic compounds of this 
system, 6 corresponding to the same collinear ferromagnetic 
structure, with the magnetic moments in the c direction. Due 
to the weak magnetic contributions, the determination of the 
magnetic structure has been performed from the difference 
diagrams (1.5-15 K) using the Rietveld method. 7 

The magnetic intensities are noticeably higher for (Pr) or 
(Nd) than for CeNio 8 Pt 02 . In order to estimate the Ce mag¬ 
netic moment value, we have considered an average mag¬ 
netic moment (/r)=0.9/i Ce +0.1 /^p, or Nd ) in each rare-earth 
(4c) site, taking /% r =3.20/% and /r Nd =3.27/% which corre¬ 
spond to the free-ion values fi=gjJfx. B . Then, the only pa¬ 
rameter to be fitted is the /z Cc value. The magnetic rare-earth 
form factors were taken from Ref. 8. The obtained values 
must be considered just as an estimate which gives a mini¬ 
mum limit for the cerium intrinsic moment, because we have 
not considered the crystal-field effects on Nd and Pr. For 
example, in the isomorphous NdNi compound, the crystal 
field reduces the Nd magnetic moment to 2.7/% , 9 We obtain 
0.92±0.05/% for (Pr) and 0.89±0.05/% for (Nd). These val- 
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TABLE I. Crystallographic and magnetic data. 



V 

(A 3 ) 

Phase % 

Average V 

(A 3 ) 

^Brag* 

(%) 

T c 

(K) 

A 

Gug/Ce atom) 

Ratt 

(%) 

(Ce) 

178.7 

52.0 

175.2 

4.8 

8.6 

0.50(5) 

18.2 

171.3 

48.0 

6.6 

(Pr) 

178.1 

42.7 

174.7 

4.8 

10.2 

0.92(5) 

12.2 

mi 

57.3 

4.9 

(Nd) 

178.7 

44.1 

174.4 

4.9 

9.8 

0.89(5) 

19.6 

171.3 

55.9 

5.6 


ues are much larger than that found for CeNiogPt^ 
(0.5 ±0.05/%). These moments are indicated by arrows over 
the general trend presented in Fig. 1. 

From all of these data we can deduce that the introduc¬ 
tion of 10% of Pr and Nd atoms in the CeNio gPto 2 Kondo 
ferromagnet enhances the exchange Ruderman-Kittel- 
Kasuya-Yoshida interactions leading to a noticeably in¬ 
crease of the Curie temperatures and very slight modifica¬ 
tions of the crystal-field scheme. 

If we only take into account the very small volume de¬ 
crease caused by the Pr or Nd introduction, it should be 
expected an enhancement of the hybridization; however, it is 
clear from our results that the Kondo interactions are re¬ 
duced. The experimental results that support this assertion 
are: (i) the decrease of the absolute value the paramagnetic 
Curie temperatures, which are related to T K ; (ii) the higher 
values of the magnetization, at 80 kOe for (Pr) and (Nd) (see 
Fig. 3); (iii) above all, the noticeable increase of the Ce in¬ 
trinsic magnetic moments found in (Pr) and (Nd) by neutron 
diffraction (see Table I). 

Figure 1 has been used to illustrate the effects of the 
different dilutions. On one hand, the substitution of Ce by 
nonmagnetic ions, Ce 0 8La 0 2 Nio. 8 Pto .2 and Ce 0 . 8 Y 0 .iNio.gPt^, 
leads to magnetic moments higher and lower than that of 
CeNi 08 Pto 2 , according to the volume effects. And, on the 
other hand, the Ce magnetic moment changes appearing with 
the introduction of Pr and Nd magnetic ions are opposite to 
those expected by pure volume effects. 


The present results show that the dilution of Ce by mag¬ 
netic atoms disturbs the coherence of the Kondo lattice state 
increasing the magnetic interactions and favoring the ten¬ 
dency to a localized behavior of the Ce ions. This is not the 
case of Y nonmapetic dilutions for which a clear tendency 
to the delocalized behavior was observed. This means that 
the Kondo lattice behavior needs to be understood not only 
as a consequence of the large 4 f-sd conduction-band hy¬ 
bridization but also as a cooperative phenomenon of coher¬ 
ence between the Ce magnetic ions. 

This work was supported by Spanish CICYT (MAT93- 
0691). 
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Low-temperature phase diagram of YbBiPt 

R. Movshovich, A.Lacerda, P. C. Canfield, a) J. D. Thompson, and Z. Fisk b) 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

Resistivity, measurements are reported on the cubic heavy-fermion compound YbBiPt at ambient 
and hydrostatic pressures to *»19 kbar and in magnetic fields to 1T. The phase transition at 7 C =0.4 
K is identified by a sharp rise in resistivity. That feature is used to build low-temperature H-T and 
P-T phase diagrams. The phase boundary in the H-T plane follows the weak-coupling BCS 
expression remarkably well from T c to T c l 4, while small hydrostatic pressure of *=1 kbar suppresses 
the low-temperature phase entirely. These effects of hydrostatic pressure and magnetic field on the 
phase transition are consistent with an spin-density-wave (SDW) formation in a very heavy electron 
band at 1=0.4 K. Outside of the SDW phase at low temperature, hydrostatic pressure increases the 
T 2 coefficient of resistivity, signaling an increase in heavy-fermion correlations with hydrostatic 
pressure. The residual resistivity decreases with pressure, contrary to trends in other Yb 
heavy-fermion compounds. 


Interest in the compound YbBiPt has been sparked by 
the very large coefficient of the linear-in-temperature contri¬ 
bution to the heat capacity, y=8 J/mol K 2 , that develops at 
low temperatures. 1 If a substantial part of that heat capacity 
is due to the heavy-fermion nature of the ground state, that 
value of y makes YbBiPt the “heaviest” fermion compound 
known to date. Inelastic neutron scattering 2 suggests that 
some fraction of this large y may be due to the existence of 
low-lying crystal-field excitations; however, separation of 
these and intrinsic heavy-fermion contributions has not been 
possible. The heat capacity data also revealed a phase tran¬ 
sition at 0.4 K as a small, but rather sharp, peak in the C vs 
T curve. It is the nature of that transition that is the subject of 
this article, together with the clues it may provide to the 
properties of the ground state of the system. To address these 
questions we have studied the electrical resistivity as a func¬ 
tion of pressure and applied magnetic fields and we argue 
that these results are consistent with the development of a 
spin-density wave (SDW) below 0.4 K in a heavy-mass band 
of conduction electrons. 

Single-crystal samples of YbBiPt were grown from an 
excess Bi flux. 3 X-ray diffraction confirms the samples to be 
face-centered cubic with the half-Heusler structure at room 
temperature. Neutron diffraction shows no evidence for a 
structural transition to 27 K. 2 Resistance measurements were 
made in standard four-probe and Montgomery 4 configura¬ 
tions. Pressure was generated in a self-clamping Be-Cu cell 
with Fluorinert FC-75 as the hydrostatic pressure medium. 
The pressure at low temperatures was established from the 
shift in the superconducting transition of a piece of high- 
purity lead mounted near the sample. 

Results of four-probe ac resistivity measurements under 
hydrostatic pressure below «=4 kbar are displayed in Fig. 1 
for the rod-shaped sample in which the current flow was 
close to being parallel to the (100) crystallographic direction. 
Data for P=0 kbar curve show a sharp kink at T=0.4 K. The 
rise in resistivity below T c suggests a decrease in the number 
of conduction electrons that could arise from partial gapping 


‘’Present address: Ames Laboratory/Iowa State University, Ames, IA 50011. 
b) Present address: Florida State University, Tallahassee, FL 32306. 


of the Fermi surface. Combination of this effect and the mag¬ 
netic nature of the transition 1 suggests SDW as a candidate 
for the nature of 7=0.4 K transition. The curve at 7=0.78 
kbar displays similar behavior, with the transition tempera¬ 
ture shifted very slightly downward; however, application of 
1.20 kbar suppresses any resistive signature for the low- 
temperature phase transition. The inset in Fig. 1 shows the 
P-7 phase diagram, with data points identified from the 
kinks in the resistivity curves, as in Fig. 1, as function of 
pressure. The point at P=0.84 kbar is obtained from a curve 
not shown in the Fig. 1. The dashed line represents the ap¬ 
proximate pressure above which there is no resistive signa¬ 
ture for a phase transition. The dotted line through the data 
points corresponds to the pressure dependence of the transi¬ 
tion temperature of (dT c /dP) P _ 0 =-l4 mK/kbar. The be¬ 
havior of the transition temperature is highly nonlinear, and 



T (K) 


FIG. 1. Resistivity of a single-crystal rod-shaped sample of YbBiPt under 
hydrostatic pressure: (O) 0 kbar; (+) 0.78 kbar; (X) 1.20 kbar; (A) 3.92 
kbar. Inset: transition temperature T c vs applied hydrostatic pressure, ob¬ 
tained from the kinks in curves shown in the main body of the figure. 
Dashed line: approximate pressure that suppresses the low-temperature 
phase. Dotted line passes through the data points, with a slope 
{dT c ldP)p^ 0 =-l4 mK/kbar. The low-temperature phase is suppressed by 
pressure between 0.84 and 1.20 kbar. 
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very strong; Hydrostatic pressure has been an important tool 
for investigating the SDW transition in Cr. The transition 
temperature is suppressed rapidly by pressure, at the rate-of 
(dt N ldP)p^ 0 =-5.1 K/kbar. 5 Such a strong dependence on 
pressure is seen as a consequence of the delicate Fenni sur¬ 
face nesting that results in a SDW transition. The high> sen¬ 
sitivity to relatively small pressure on the order of 1 kbar is 
consistent with the 0.4 K transition in YbBiPt being due to a 
Fermi surface instability. Extending the analogy with Cr, 6 
analysis of data similar that of Eig. l for P=0 kbar (Ref. 7) 
results in a value for a weak-coupling SDW gap of 
A(T=0)/Jt B r c =l;65±0.15. This is close to the minimum 
value of 1.764 for the two-band model of itinerant 
antiferromagnetism. 8 For comparison, in Cr it was found 6 
that A(T=0)/k B T N =2.3. 

To further investigate this transition we performed a se¬ 
ries of resistance measurements in a magnetic field. The two 
samples used were of a “Montgomery type,” thin square 
platelets, each oriented to have one pair of long edges along 
the magnetic field. Both samples displayed anisotropic 
resistivity, 7 and the direction of the largest increase in V/I 
was longitudinal for one of the samples and transverse for 
the other. One reason for choosing such a geometry was the 
expectation that magnetic field might reorient the SDW do¬ 
mains with different order parameters, as was demonstrated 
for Cr, 9 and produce a single-domain sample. In one of the 
samples we indeed observed a small downward kink in V/I, 
in the direction which had a larger resistivity at zero field, 
while sweeping temperature at a fixed field of 2.5 kG. This 
would imply that reversal of the direction of the larger resis¬ 
tivity has taken place. However, temperature sweeps in fields 
greater than 2 kG are increasingly difficult since the phase 
boundary of the low-temperature phase becomes rather inde¬ 
pendent of temperature, as described below. 

Figure 2(a) displays results of temperature sweeps for 
one of the samples described above in which the excitation 
current was transverse to magnetic field. The phase transition 
temperature is easily identified by sharp kink in V/I. Figure 
2(b) shows V/I at 350 mK for the same sample but with the 
current flow parallel to the applied field. We identify the 
sharp kink at 2.1 ±0.1 kG in the derivative with respect to H 
as the transition magnetic field for that temperature. This 
identification is consistent with the results of the temperature 
sweep at 2 kG, which gives a transition temperature of 
350±10 mK. Similar identifications were then made for 
magnetic field sweeps at 100 and 200 mK. 

Figure 3 displays the resulting magnetic-field tempera¬ 
ture phase diagram for the low-temperature phase of YbBiPt. 
The solid curve is the functional dependence of the BCS 
energy gap scaled to pass through the points T C =0.4K, 
H =0 on the x axis and T= 0, //=3.1 kG on the y axis. The 
curve fits the data very well, indicating the weak-coupling 
nature of the transition in the whole temperature range stud¬ 
ied. In contrast to Cr, in which T N is independent of mag¬ 
netic fields up to tf=16 T, 10 YbBiPt follows mean field be¬ 
havior expected of an itinerant antiferromagnetism. 

We now turn our attention to the resistive behavior of 
YbBiPt at pressures sufficiently high that evidence for a 
phase transition is not found. Figure 4 shows the 


T (K) 

0.0 0.2 0.4 0.6 0.8 1.0 



FIG. 2, (a) Temperature sweeps at constant magnetic field; (solid lim.l 11 = 0 
kG; (dotted line) H -1 kG; (dashed line) H =2 kG. Kinks in V/l curves are 
taken as signaling transition temperatures for given fields, (b) Magnetic- 
field sweep at a constant temperature of T=350 mK, 
(V//),=(V//)/[V//(/f=0)], Inset: derivative of the curve shown in (b). 
The sharp kink indicated by the arrow at a field H=2.1±0.01 kG represents 
the phase transition at 7"=350 mK. 

temperature-dependent resistivity at pressures between «*4 
and 19 kbar. Data for all curves can be fit very well by 
p(T)=p 0 +AT 2 below 1=300 mK, as expected for a Fermi 
liquid. In this Fermi liquid regime JA was shown 11 to be 
proportional to y for a large number of Ce and U heavy- 
fermion compounds. The inset in Fig. 4 shows A as a func¬ 
tion of pressure and indicates an increase in the heavy- 
fermion correlations with pressure. Similar systematics with 
pressure are observed in other Yb heavy-fermion 
compounds. 12 The decrease of the residual resistivity p 0 with 



FIG. 3. Magnetic-field temperature phase diagram for the low-temperature 
phase of YbBiPt. The solid and open symbols are results of the temperature 
and magnetic field sweeps, respectively. The solid line is a BCS curve fixed 
by the points H,T =0 and H- 0, T c . 
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FIG. 4. Resistivity of YbBiPt in the high-pressure phase: (O) 18.79 kbar; 
(A) 7.83 kbar; (X) 3.92 kbar. Inset: T 2 coefficient of p(T) vs pressure; 
straight line is a guide to the eye. 

pressure, however, is rather anomalous. In other Yb com¬ 
pounds the residual resistivity increases with pressure, pos¬ 
sibly reflecting its Kondo hole origin. 13 The decrease of po 
with pressure in YbBiPt may be due to purely band-structure 
effects. The REBiPt series (RE is an element of the rare-earth 
series) exhibits a systematic progression from small gap 
semiconductor in Nd to metallic behavior in Yb, 14 as the RE 
series is traversed from the left- to right-hand side, i.e., as the 
size of the RE ion diminishes. Pressure would reduce the 
volume of the unit cell of YbBiPt even further, possibly in¬ 
creasing the carrier density and reducing resistivity. 

In summary, the phase boundary in the H-T plane of the 
low-temperature state of YbBiPt follows the weak coupling 
BCS-like expression expected of an SDW transition. This 
identification is supported further by the extreme pressure 


dependence of the transition temperature, with the low- 
temperature phase being suppressed by pressures of =1 kbar. 
Above that pressure-induced transition, the heavy-fermion 
nature of YbBiPt appears to be enhanced further with in¬ 
creased pressure. We suggest that investigating YbBiPt at 
higher pressures yet may yield interesting information on a 
transition regime between heavy-fermion and antiferromag¬ 
netic behaviors. 
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Quadrupolar effects in PrCu 2 Si 2 
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As part of a systematic study of the crystal-field (CF) potential in RCu 2 Si 2 compounds (R=Ce, Pr, 
Nd, Tb, Ho, Er) using inelastic neutron scattering, the CF level scheme and potential in the 
antiferromagnef PrCu 2 Si 2 both above and below T N has been determined. There have been recent 
speculations that the quadrupole moment of PrCu 2 Si 2 has been quenched by the quadrupolar Kondo 
effect. Using the CF potential derived from the results, the quadrupole moment Q 2 of PrCu 2 Si 2 has 
been calculated and it has been compared to the other members of the RCu 2 Si 2 series. The 
temperature dependence of the quadrupole moment of PrCu 2 Si 2 is significantly weaker than all the 
other compounds, e.g., it is approximately five times smaller than in HoCu 2 Si 2 . Therefore, it is the 
CF potential which is responsible for quenching Q 2 at low temperature rather than a quadrupolar 
Kondo effect. Furthermore, the CF Schottky contribution to C/T vs T 2 is approximately linear 
above T N and explains the anomalously high linear term in the specific heat. However, the evolution 
of the CF potential across the rare-earth series provides evidence of an enhanced hybridization 
contribution to the CF potential of PrCu 2 Si 2 , intermediate between the heavy fermion CeCu 2 Si 2 and 
the other rare-earth compounds. 


I. INTRODUCTION 

There has been considerable interest in /-electron sys¬ 
tems, particularly uranium alloys such as U 02 Y 0 g Pd 3 (Refs. 
1 and 2) and UCu 35 Pd 15 , 3 displaying non-Fermi liquid scal¬ 
ing of their thermodynamic properties at low temperatures. 
One possible microscopic mechanism to explain these obser¬ 
vations is the N =2 multichannel Kondo effect produced by 
orbital scattering of the conduction electrons. 4 This quadru¬ 
polar Kondo effect is expected to quench the local quadru¬ 
pole moment of the / electrons just as the single-channel 
Kondo effect screens the local magnetic moment and sup¬ 
presses magnetic ordering. It has recently been proposed that 
anomalies in the thermodynamic and structural properties of 
PrCu 2 Si 2 and related isostructural compounds might also be 
evidence of quadrupolar Kondo interactions. 5,6 The extrapo¬ 
lation of CIT vs I 2 , measured in the paramagnetic phase of 
PrCu 2 Si 2 (r w =21 K), to T=0 appears to give evidence for a 
l-rge electronic contribution to the specific heat with y=225 
mJ mol -1 K” 2 . 6 Since there is no evidence of conventional 
Kondo-like behavior in the magnetic susceptibility or resis¬ 
tivity, there has been speculation that quadrupolar Kondo 
scattering is responsible for the high y. This suggestion is 
given further weight by the absence of a c/a lattice anomaly 
at low temperatures, comparable to those seen in all the other 
RCu 2 Si 2 (R denotes rare earth) compounds, implying that the 
Pr 3 * quadrupole ran- .t has been quenched. 

When the anomalous properties of PrCu 2 Si 2 were first 
reported, it was pointed out that a knowledge of the crystal- 
field (CF) potential is essential to assess the validity of these 
ideas. 6 Apart from making a substantial contribution to the 
thermodynamic properties, the CF also determines the 
/-electron wave functions, in the absence of strong hybrid- 


^On leave from: 1. M. Frank Laboratory of Neutron Physics, Joint Institute 
for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, Moscow, 
Russia, CIS. 


ization, and consequently the quadrupole moment. We have 
been conducting a systematic investigation of the magnetic 
properties of RCu 2 Si 2 compounds using neutron diffraction 
and inelastic neutron scattering. 7-10 Inelastic neutron scatter¬ 
ing (INS) is the most reliable method of determining the CF 
potential in intermetallic compounds since it measures di¬ 
rectly the energies and dipole matrix elements of transitions 
between CF levels. One aim of our work is to measure the 
CF potential across the rare-earth series in order to determine 
whether the CF in the heavy-fermion compound CcCu 2 Si 2 is 
anomalous compared to the “normal” rare-earth compounds. 
We have now established the CF parameters for R=Ce, Pr, 
Nd, Tb, Ho, and Er and discuss some of the consequences of 
these results here with particular reference to the praseody¬ 
mium compound. Full details of this work will be published 
in Ref. 9. 


It. EXPERIMENTAL RESULTS 

The samples were prepared by arc melting stoichio¬ 
metric quantities of the constituent elements, with no mea¬ 
surable weight loss. After annealing at 700 °C, nearly all 
peaks observed in neutron-diffraction measurements could 
be indexed with the ThCr 2 Si 2 -type structure and only a few 
very weak reflections in the light rare earths indicated minor 
contamination by other phases. The INS measurements were 
performed at the pulsed spallation neutron source ISIS (Ru¬ 
therford Appleton Laboratory, U.K.) on the time-of-flight 
chopper spectrometer HET, using incident energies between 
10 and 60 meV, and on the high-resolution inverse geometry 
spectrometer IRIS to resolve low-energy transitions. 

The rare-earth ions in RCu 2 Si 2 occupy sites with tetrag¬ 
onal point group symmetry. In the paramagnetic phase, the 
appropriate CF Hamiltonian is 

H CF =BlOl+B° 4 O°+B$Ot+B 0 6 Ol+BtOt (1) 
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FIG. 2. Energy-level scheme for PrCu 2 Si 2 in the paramagnetic phase with 
the crystal-field parameters given in the text. The arrows mark the dipole- 
allowed transitions. 


dispersion in the anti/erromagnetic state. We have performed 
similar analyses for the other rare-earth compounds. In each 
case, the CF potential was determined without ambiguity 
with the possible exception of TbCu 2 Si 2 where the transi¬ 
tions are not well enough resolved to guarantee a unique 
solution. 


FIG. 1. Neutron inelastic scattering from PrCu 2 Si 2 measured at 4.5 and 25 K 
on HET with an incident energy of 15 meV integrated over scattering angles 
of 9°-29°. The solid line is the profile of the crystal-field model described in 
the text including Lorentzian broadening and, at 4.5 K, a molecular field. 
The dashed line is the quasielastic scattering, the dashed-dotted lines are the 
inelastic transitions, and the dotted line is the elastic nuclear scattering. 


where O” are the Steven’s operator equivalents and S” are 
the phenomenological CF parameters. The influence of anti- 
ferromagnetic ordering on the excitation spectrum has been 
taken into account in the molecular-field approximation. An 
example of the HET spectra on PrCu 2 Si 2 , measured both 
above and below T N , with an incident energy of 15 meV and 
summed over scattering angles from 9° to 29°, is shown in 
Fig. 1. The spectra taken at 136°, where the nuclear scatter¬ 
ing is strongest, show that the phonon contribution in this 
energy range is negligible at low angles, so the observed 
peaks are all magnetic. 

The solid lines in Fig. 1 are the results of a profile re¬ 
finement of the CF model after establishing the approximate 
CF parameters using a comprehensive stepwise search. The 
resulting parameters are fi 2 =-(6.28±0.15)X10 -2 meV, 
bS=( 1-48±0.15)X10~ 3 meV, B^=(5.27±0.07)X10" 5 meV, 
B^=(2.24±0.06)X10 -2 meV, and B^=-(3.80±0.03)X10" 4 
meV, and the corresponding level scheme in the paramag¬ 
netic phase is shown in Fig. 2. The INS spectrum measured 
at 4.5 K shows that the molecular field H m( changes the level 
splittings, energies, and transition probabilities significantly 
in the antiferromagnetic state. Nevertheless, it was fitted us¬ 
ing the same CF parameters as in the paramagnetic phase 
with H m f={ 10.4±0.6) T. Therefore, the CF model describes 
the measured profiles reasonably well both above and below 
T n with some discrepancies due probably to the use of a 
common liuewidth for all the transitions and to the neglect of 


III. DISCUSSION 

As we stated in Sec. I it has been proposed that PrCu 2 Si 2 
shows unconventional (quadrupolar Kondo) heavy-fermion 
behavior. 5 One immediate result of our CF analysis is to 
explain the apparently high value of y. The calculated CF 
contribution, consisting of a number of overlapping Schottky 
peaks, is approximately linear in CIT vs T 2 for about 20 K 
above T N and extrapolates to the value 282 mJ mol -1 K~ 2 at 
1=0. Once this Schottky contribution has been subtracted, 
C/T is close to zero within the uncertainties of this analysis 
so there is no evidence of an enhanced electronic contribu¬ 
tion to the specific heat. A second result is to explain the 
absence of the lattice anomaly at low temperatures. Figure 3 
shows the calculated temperature dependence of the quadru¬ 
ple moments Q 2 = ja 2 (0 2 ) of RCu 2 Si 2 using the measured 
CF parameters. Q 2 is proportional to the size of the lattice 
anomaly assuming the magnetoelastic coupling is linear in 



FIG. 3. Temperature dependence of the quadrupole moment Q 2 of RCu 2 Si 2 
compounds (R=Pr,Nd,Tb,Ho,Er). 
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FIG. 4. Superposition model parameters A 4 (Cu) and A 4 (Si) for RCu 2 Si 2 
compounds (R=Pr,Nd,Tb,Ho,Er) assuming A 4 and At are positive. 

the tetragonal strain. 11 Although the absolute value of Q 2 M 
PrCu 2 Si 2 at room temperature is slightly greater than the 
heavy rare earths, its temperature dependence is much 
weaker. For example, its variation between 300 and 20 K is 
five times weaker than in HoCu 2 Si 2 making any attendant 
lattice anomaly difficult to see. Since the quadrupole moment 
of the CF ground state in PrCu 2 Si 2 is relatively small, the 
increase in Q 2 is suppressed as the excited CF levels are 
depopulated. Therefore, it is the CF potential which reduces 
Q 2 at low temperature, not a quadrupolar Kondo effect. Nev¬ 
ertheless, the size of T N indicates that orbital exchange con¬ 
tributions may be necessary to explain the scale of magnetic 
interactions in PrCu 2 Si 2 . 10,12 

Analyzing the CF potential in the framework of the su¬ 
perposition model (SM) allows a direct comparison of the 
different ligand contributions in the RCu 2 Si 2 compounds. A 
detailed discussion of the use of this model is given in Refs. 
7 and 8. Here we discuss briefly the systematics of this 
analysis across the rare-earth series. There is an ambiguity 
about the relative signs of B\ and B\ but both solutions show 
a systematic evolution of the two ligand contributions, 
A 4 (Cu) and A 4 (Si), to the CF potential with a substantial 
increase in the magnitude of the silicon term and a smaller 
decrease in the magnitude of the copper term. We discuss in 
Ref. 7 our reasons for favouring positive values of A 4 and A g 
and show these results in Fig. 4 (B™= 9„\n(r n ) where 6 n are 
the Steven’s factors and (r n ) are the 4/ radial integrals). In 
NdCu 2 Si 2 and the heavy rare earths, the silicon contribution 


is small in comparison with the copper contribution which is 
nearly constant across the series. However, a large negative 
silicon contribution has developed in CeCu 2 Si 2 indicating an 
enhanced hybridization between the rare-earth 4/ electrons 
and the Si s-p orbitals. The SM analysis does therefore show 
evidence of the same hybridization in PrCu 2 Si 2 but on a sub¬ 
stantially reduced scale. 

IV. CONCLUSION 

Our solution of the CF potential of PrCu 2 Si 2 shows that 
the anomalous thermodynamic and structural properties ob¬ 
served in earlier investigations can be understood in the 
framework of a conventional /-electron system split by the 
crystal field. Both the enhanced linear term in the specific 
heat and the apparent quenching of the Pr 3+ quadrupole mo¬ 
ment are reproduced by our CF model. However, the ex¬ 
panded radial wave functions of the / electrons, compared to 
the heavier rare earths, are reflected in an enhanced hybrid¬ 
ization contribution to the CF potential by the silicon ligands 
as earlier observed in CeCu 2 Si 2 . 
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A generalized Hubbard model involving two kinds of spinless fermions with different masses is 
proposed to explain the properties of mixed-valence compounds. An equivalence between the 
proposed model and an effective anisotropic antiferromagnetic Heisenberg model with external field 
is. established in the strong-interaction limit. The ground-state energy and partition function are 
obtained analytically using generalized mean field theory which, for bipartite lattices, allows the 
system to be reduced to an equivalent two-site problem. The analytic behavior of the valence and 
compressibility under variation of pressure and the phase diagram in the ground state and at finite 
temperature are investigated. The conditions for a first-order transition depending on the position of 
the / band are obtained, taking into account the effect of local hybridization between the s and / 
states. The known anomalies in the behavior of nf and \ in mixed-valence systems are interpreted 
in analogy with the magnetization and susceptibility in the corresponding pseudospin model. 


Many phenomena in heavy-fermion compounds, high-r c 
superconductors, quantum crystals, etc. have been modeled 
either with a single-band Hubbard model 1 or a spinless 
Falicov-Kimball (FK) (or closely related) model. 2-4 These 
models are also often-used to explain phase diagram anoma¬ 
lies and interesting valence behavior in mixed-valence com¬ 
pounds under change of temperature and pressure (see, e.g., 
Ref. 5). Aside from some details of electron structure these 
two models can be studied together as particular cases of a 
more general model (GM), 

Hou~~h 2 c 4 c ;i + ^2 c it c /t c <i c u 

(‘D <*» i 

H 

~J 2 (CjVif-C^C,;), (1) 

which includes hopping terms and intrasite repulsion (U> 0) 
for two different kinds of particles. For t j = t 2 it is, of course, 
a Hubbard model with an applied magnetic field. Although 
Eq. (1) is written in the language of electron creation opera¬ 
tors with spin indices, an equivalent Hamiltonian could be 
written using band or orbital indices, as in the FK model. In 
other words, the Cj - ,c^ operators in Eq. (1) can be replaced 
with creation operators / + ,« + representing spinless fermions 
in the f and s bands. The field strength H in this case repre¬ 
sents the energy difference between the centers of the two 
bands, which in mixed-valence materials can be changed 
with pressure. For / 1 =0, this is equivalent to the FK model. 
In the strong interaction limit {/-»<» the GM reveals some 
interesting relations between the two models, and helps to 
explain the connections between such phenomena as super¬ 
fluity and excitonic insulators, antiferromagnetism (or 
charge-density waves) and valence-density waves, ferromag¬ 
netism, and pure integer valency. In addition, viewed as a 
generalization of the FK model there are significant advan¬ 
tages to using Eq. (1) for describing mixed-valence com¬ 
pounds. In the pure FK model, for example, mixed-valence 
states can appear only as a spatially periodic lattice of ions, 4 
with nf =0 or 1, a kind of orbital antiferromagnetism. The 
generalized model, however, also permits a liquidlike state of 
uniform, noninteger valence, as has been seen experi- 
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mentally, 5 and it correctly predicts the first-order transitions 
seen in those materials under change of temperature and 
pressure. 

It is convenient to rewrite the GM Hamiltonian, replac¬ 
ing the creation operators by Hubbard operators 1 so that 
c£ T =Xj 0 +crXj~ ,T and the Hamiltonian takes the symme¬ 
trized form // GM =2, 4 //(/,i + A) + H(i + A,i), where 
A is summed over the lattice vectors, and //(/,;) can be 
written in terms of two-site operators as follows: 

-hiXjOxf' +X? l X} 2 ) - t 2 (Xl°Xf l +X?'xJ 2 ) 

- fi(*!°*j 2 + X 2l X°j') + t 2 {Xj 0 X} 2 +X 2l X° ] l ) (2) 

+ UI2{Xf+Xf)-HIA{X] 1 +X) ] -X} l -X} 1 ). 

While the first two terms in Eq. (2) represent simple hop¬ 
ping, the second two are interconfiguration fluctuation terms 
and can be removed by a suitable unitary transformation as 
in Ref. 6. In the strong interaction limit the transformed 
Hamiltonian can be expanded to any order in powers of 
t\ t2 IU. Projecting the transformed Hamiltonian onto the sub¬ 
space of singly occupied states, exactly at half-filling 
(«{ + «! = 1) gives, to lowest order, an effective Hamiltonian 
2 2 

H efs = - tj ~- 2 (Arn^‘+^^j T )+ —■ 2 (x! l x} f 

+hc)-j2(Xj'-X“). (3) 

Since the Hubbard operators X a/3 generate an SU(2) algebra, 
and their commutation relations are isomorphic to those of 
the pseudospin operator L (2L Z =X U -X 11 and Z, + =A' 11 ), 
the effective Hamiltonian above can be written in the form 

(2 Wj-b+J^ 0 LtLJ+hc)-H 2 L f, 

(<;> (<7> ; 

(4) 

with J|j= (t 2 +t 2 )/2 U and J L = t x t 2 l U. Thus, to lowest order, 
the GM is strictly equivalent to an anisotropic antiferromag- 
net with external field. Using analogies of this kind one may 
advantageously translate the substantial existing knowledge 
about spin systems to mixed-valence systems. 

The transformed Hamiltonian is valid for all t x ,t 2 , and 
in earlier work 7 the case t\<t 2 was described. It is also easy 
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to show that taking t 2 =t 2 (Hubbard model) gives a spin 
analog equivalent to Anderson superexchange, 8 H M . Here 
we examine in greater detail the FK-like case fj—>0. Expand¬ 
ing the resulting effective Hamiltonian to fourth order gives 



4 

W 


2 L*,L x r H 2 if+const (5) 

nnn i 


so that any exact results from the Ising model can be easily 
transferred to the FK model in the strong interaction limit. In 
particular, one expects the appearance of a spatially ordered 
phase in the GM in two dimensions, similar to results de¬ 
scribed earlier 4 about the appearance of a chessboard struc¬ 
ture of / fermions in Ds»2 in the symmetric case (H= 0). We 
show below, however, that even with H+ 0, there is a region 
where the chessboard structure is stabile. Higher-order cor¬ 
rections as ih Eq. (5) are important for their implications 
regarding additional spatially ordered phases for H+ 0. 


J 


Comparing the Anderson Hamiltonian H M with H h 
above, we see that the difference between the Hubbard and 
FK models in the strong interaction limit is no more than that 
between a classical Ising system and a quantum antiferro- 
magnet. Thus, exactly at half-filling the FK model can be 
considered to be a classical analog of the Hubbard model. 
Below we show that, in spite the fact that J^Jx , the inclu¬ 
sion of a finite, small bandwidth for the / states changes the 
character of the phase transition from second to first order 
and stabilizes the quantum-liquid (QL) state with strong ex- 
citonic correlations. 

All these effects can be derived analytically using a gen¬ 
eralized mean field approximation (GMFA) for bipartite sys¬ 
tems, i.e., those consisting of two sublattices A and B. Taking 
the most general decoupling scheme for Hubbard operators 
in Eq. (3) the Hamiltonian can be reduced to the two-site 
form, 


H^=(-Jfn 2a -HI2)X\l + (-Jfn 2r H/2)X\ l +(-J ll zii u -HI2)Xy+(-Jfn ir H/2)X l 2 l +J l zA 2 (X\ l +X[') 


+J l zA l (X\ l +X^)+Jf(n if n 2a + « lfl « 2 /) - 2Jj.zA i A 2 , 


( 6 ) 


where z is the coordination number of the lattice, and we 
have introduced the order parameters A !i2 =(A , f >2 ") for the 
excitonic correlations (orbital mixing) in xy plane and 
T)={Xx a ~ a -X 2 a ~ a ) for the spatial orbital ordering in z 
plane. The number of particles n x and n 2 on the A and B sites 
is then n^ny+nu and n 2 -n 2 f+n 2a and the total num¬ 
ber of particles on the two sublattices, exactly at half-filling, 
is ni+n 2 =2. 

After diagonalization of Eq. (6) one can find eigenstates 
Ef i2 and the partition function Z depending on A, % and 
m = 2rif-l. The analysis of self-consistent equations for 
these gives the dependence of the valence n f on the position 
of the / level H, 


h = 


H 

Vf 


= mg + jm i +(g z -l)7) 2 (m). 


(7) 


Analysis of Eq. (7) reveals many phases, which are 
shown in Fig. 1. In a strong magnetic field we have ferro¬ 
magnetic ordering or integer valence (IV) states Hf=0 or 1. 
On decreasing the magnitude of h, the system undergoes a 
transition into an excitonic insulator at h* = 1 + l/g. In this 
region h f changes linearly with h, Hf=h/h*. This phase 
most closely resembles a uniform QL with strong hole- 
particle correlations, and with (2m 0 +l)/2< n f <l, w here 
m 0 = V[(g-!)/(#+!)]• For h between ± V(g 2- 1 ) «/ is 
multivalued until some critical field ±h 0 where the system 
undergoes a first-order transition from a mixed state with 
71+ 0, A=A0, in which valence-density waves (VDW) coexist 
with the QL, into a pure spatially ordered phase with VDW. 
When the mass of the / fermions goes to infinity we obtain at 
T =0 two consecutive jumps from IV states into VDWs with 
hf=h s = 1/2, as shown in Fig. 1. It is also possible to obtain 
such a transition in systems with short-range electron- 


phonon interactions. 10 The transition, however, becomes 
continuous at any finite temperature. Thus, the stabilized ex¬ 
citonic phase is ruled out in the ground state whenever we 
exclude a finite bandwidth for / states, and there is no pos¬ 
sibility to obtain a first-order transition in the FK model at 
finite temperatures. From Eq. (7) one can easily find the 
compressibility x-~diifldp, which is small in IV configu¬ 
rations and in spatially ordered phases {n f =V2), but in the 
QL phase becomes constant ^=l//i*. The value increases 
with pressure, and reaches a maximum near the transition 
into the mixed state. Such behavior has been seen in experi¬ 
ments in SmS under pressure. 5,10 

The inclusion of local hybridization in the GM 
V(cj'cj + Cj'cj) would be the same as considering the GM 
in presence of a transverse magnetic field V(L + +L'). This 
factor is of an excitonic type and increases the tendency to¬ 
ward a first-order transition from a spatially ordered phase 
into QL state with strong excitonic correlations. 

If we consider the Ising-type interaction (^-+0) to all 
orders in tIU, which includes the antiferromagnetic long- 
range interactions with all neighbors (analogous to a classi¬ 
cal gas with Coulomb repulsion, 11 then an infinite number of 
incommensurate modulated phases is found between the fer¬ 
romagnetic and the VDW “antiferromagnetic” ordered 
phases in the one-dimensional case. This means that the FK 
model at U can be converted into an Ising model with 
long-range antiferromagnetic interactions. The crystallization 
of / particles into a periodic structure and dielectric splitting 
of the / band has been found in the ID case. 12 The similarity 
between the ground-state energy and the partition functions 
of the FK model and the classical lattice gas has also been 
found recently for the ID case. 13 
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FIG, 1. The occupation number hf as a function of h in a generalized 
Hubbard model at 0<l/g<l. 



The thermodynamic behavior of our system can be ana¬ 
lyzed easily. From analysis of these equations one can easily 
find the thermodynamic characteristics, and investigate the 
phase diagram at finite temperatures, The schematic phase 
diagram of critical temperatures versus magnetic field (or 
pressure) of the GM in the strong interaction limit is shown 
in Fig. 2. In some cases 14 the transition from the VDW to the 
QL state can be realized through an intermediate mixed state 
(MS), where the first-order transition line is split into two 
lines terminating in tetracritical point B. One first order 
phase transition from the QL into the VDW state is also 
possible by increasing the temperature at constant field (pres¬ 
sure) (see Fig. 2). Physically, this result is connected with the 
fact that excitonic effects, which are absent at high tempera¬ 
tures, become important at low temperatures, The phase 
boundary between the QL and VDW states indicates an in¬ 
crease of entropy for the spatially ordered phase with tem¬ 
perature. The bicritical point and spinodals, which are 
characteristic of the first-order transition, are also seen in 
Fig. 2. We expect that in the 3D case only a finite number of 
commensurate crystalline ordered phases exists at finite tem¬ 
peratures and can survive near the equilibrium line in the 
VDW region. At high pressures, near the IV phase the tran¬ 
sition from QL into normal state is smooth, and its depen¬ 
dence on the magnetic field is logarithmic 
T c = -J 1 /\n(h-h*). This result means that the excitonic ef¬ 
fect by itself cannot give rise to a first-order transition and is 
possible only near the boundary of a spatially ordered phase. 
The high-temperature compressibility in the normal para¬ 
magnetic phase behaves as predicted in mean field theory, 
X=dnf/dP=C/(T-T*), where T* and C are the Curie- 
Weiss temperature and the Curie constant. Thus, all anoma¬ 
lies in the behavior of nf and x in mixed-valence systems can 
be interpreted in analogy with the temperature dependence of 
the magnetic moment and susceptibility of a Heisenberg- 
Ising system under variation of external field. 

Using analogies between the FK model at U—>™ and the 
antiferromagnetic Ising or classical lattice-gas model, we can 
predict spatial ordering (VDW). In addition the long-range 
interactions for the Ising model (see Ref. 11) give rise to 
numerous other modulated long-range-ordered phases and, 
similarly, using an analogy with the classical lattice-gas 


FIG. 2. The predicted h-T phase diagram for the generalized model for 
D» 3. 

model, one can predict an infinite number of phase transi¬ 
tions with charge-density wave states under change of pres¬ 
sure in the FK model. Thus, the thermodynamic behavior as 
well as the value of all critical exponents for FK model can 
be obtained using analogies with exactly solvable one- and 
two-dimensional Ising or lattice gas models. Even a small 
bandwidth causes a the appearance of a valence fluctuation 
term (or spin-flop terms in the effective Heisenberg Hamil¬ 
tonian), and drastically changes the properties of the system. 
In spite of the fact that the exact solution of the 2D 
Heisenberg-Ising model is not known, it is possible to reach 
some conclusions about the ground-state properties and cor¬ 
relation function behavior even in this case. 15 For example, 
at low temperatures the bounds obtained in Ref. 16 rule out 
the possibility of excitonic condensation in 2D lattices, but 
allow power-law-like decay for excitonic correlations in the 
GM, which can be of the Kosterlitz-Thouless type, when¬ 
ever fj or t 2 is different from zero. 

The participation of ANK was made possible by the 
Union College Fund for Former Soviet/Eastem European 
Scholars established by an anonymous donor. 
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Consequences of competing hybridization for magnetic ordering 
in correlated-electron lattices 
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A method is presented for calculating the /-/ ion interaction in systems where a ^-electron species 
also hybridizes with the same Fermi sea. For the physical systems of interest, typically the / species 
is a light rare earth (e.g., Ce or Pr) or a light actinide (U) involving a partially filled / shell and the 
d species is a transition-metal ion; and there may be experimental evidence of competition between 
magnetic ordering of the / and d electron systems (e.g., when / is U and d is Mn). TTie method treats 
first the strong hybridization between the d and the conduction electrons to obtain a new ground 
state with delocalized d electrons. Then it calculates the f-f ion interaction by perturbation theory. 
The mechanisms by which the d electrons modify the f-f ion interaction are identified. 


In recent years there has been considerable interest in the 
behavior of partially delocalized light-rare-earth and actinide 
systems where cooperative hybridization between a lattice of 
somewhat delocalized /-electron ions and the non-/-band 
electrons gives rise to orbitally driven magnetic ordering 
phenomenology characterized by extremely high anisotropy 
in the equilibrium, excitation, and critical behavior, and often 
by anomalously strong damping of the excitations. 1 The 
theory of this magnetic ordering and associated behavior is 
by now well developed 1 when a lattice of only a single 
/-electron species, such as cerium or uranium, is present. 
Interest in generalizing this understanding to the situation 
where there is a ^-electron species also present is strongly 
motivated by the competition between magnetic d and / 
electrons that occurs in compounds 2,3 of the ThCr 2 S 2 -type 
structure of the type UMn 2 X 2 and RMn 2 X 2 [where R is a 
rare earth (Ce, Pr, Nd) and X is Si,Ge]. If the Mn is replaced 
by another transition metal, there is no magnetic moment on 
the transition metal. For the light-rare-earth/Mn compounds 2 
there is magnetic ordering of Mn moments, with ordering 
temperatures above 300 K, that either is ferromagnetic or is 
antiferromagnetic with Mn planes that are ferromagnetic in 
alternating directions; and the rare-earth sublattices show no 
ordering. Quite different magnetic ordering behavior occurs 
for the corresponding heavy-rare-earth compounds where the 
more localized / electrons presumably have negligible hy¬ 
bridization, and where typically there is evidence of mag¬ 
netic ordering on the rare-earth site. For the UMn 2 X 2 
compounds 3 the magnetic moment of the uranium sublattice 
is strongly coupled with that of the Mn sublattices. 

In this article we present a method for calculating the 
f-f ion interaction in a system where both magnetic / elec¬ 
trons and d electrons on a lattice (or different sublattices) 
hybridize with a common band sea. The method treats first 
the strong hyjridization of the d electrons with the band sea 
to construct a new ground state and then proceeds to treat the 
/ hybridization by perturbation theory. Although we explic- 
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itly assume that the d species has no moment, the method 
can be generalized to the case where it does by introducing 
spin-polarized bands. 

We start by writing the Anderson lattice Hamiltonian for 
a system of d and / electrons hybridizing with a common 
conduction band as 


H=H C +H f +H d , (1) 

where H c - 2k<r e k c Lr c k<7 is the conduction-band Hamil¬ 
tonian and cl is a creation operator for a conduction elec¬ 
tron with wave vector k located in the first BriHmiin zone 
and spin a. Here 


iam 


iamm 

m*m' 


+ 4r 2 (V$ m e- ik «‘°clli am +c.c.), (2) 

iam 

kcr 

where a={f,d}, l] fm = f] m is a creation operator for a local¬ 
ized / electron located in the ith unit cell with total angular 
momentum j a and projection of the latter along the quanti¬ 
zation axis m, l] dm = d] a is a creation operator for a localized 
d electron iocated at the origin of the ith unit cell with spin 
or, and we have neglected the orbital degeneracy for the d 
electron system. Here N s is the number of unit cells in the 
crystal and the d hybridization matrix element for simplicity 
is taken to be a constant, V d . 

For a general f-d electron system, both species can in¬ 
teract strongly with each other by modifying the Fermi band 
sea. Here, we consider the case where the / species is in the 
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction 
dominated regime with local magnetic moments in contrast 
to the heavy fermion regime with quenched moments due to 
the formation of conduction-/-e!ectron singlets. For such a 
system, the most significant renormalization of the Fermi 
band sea is due to the hybridization with the d electrons. 
Thus, we propose a method where we first approximately 
diagonalize the terms in the Hamiltonian involving the con- 
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duction electrons and the d electrons to obtain renormalized 
bands- and then, afterward, treat the hybridization of the / 
species as a perturbation. The d hybridization effect intro¬ 
duces tre well-known mixed valence nature of the renormal¬ 
ized bands and determines the enhancement in the density of 
sfates'(DOS). An enhanced DOS plus vfjious residual inter¬ 
actions between the d electrons not considered here could 
lead to a spontaneous magnetic moment for the d electrons. 
We consider the case where this does not happen; however, 
we believe that by introducing spin polarized bands, a gen¬ 
eralization of this method can be achieved. 

The d hybridization effect, however, is different than for 
simple metals since electron correlation effects between the 
narrow d bands electrons are significant and the intraatomic 
Coulomb interaction must be explicitly taken into account. 
To take those correlations effects into account, we have as¬ 
sumed that U d ~*<*> and introduced a slave boson 
formalism 4-6 to diagonalize H c +H d in a mean field approxi¬ 
mation. The resulting Hamiltonian H™I d is one of hybridiz¬ 
ing bands and can be diagonalized by a canonical transfor¬ 
mation to yield renormalized bands 5,6 given by 


^L^+A^r 2 -!), (3) 

two- 


where « = 1,2 is a band index, = j{e k + e d + ( - l)"£ k ] 
are the hybridized band energies, E k =[{e k -e d ) 2 +4V 2 d ] m , 
~e d =e d +A is the renormalized d energy level, and A is the 
corresponding energy shift. Here V d = V d r is the renormal¬ 
ized d hybridization matrix element and r is the hybridiza¬ 
tion renormalization factor. Both A and r are expectation 
values of slave boson fields over the coherent equilibrium 
states and are determined by minimizing the mean field free 
energy 5,6 with respect to them. The hybridized band creation 
operators are given by 5,6 

where y pm is an orthogonal matrix, d k(7 
= 'Z i e' v v ‘‘d\jN\ 11 , and dj a is the slave fermion creation op¬ 
erator representing the configuration. The limit of 

U d =0 can be formally -.’ained from the above equations by 
setting r=l and A~0. The slave boson average r also gives 
the average electron occupation of a d site n d by n d -1 - r 2 , 
i.e., r 2 is a measure of the degree of delocalization or itin¬ 
eracy of the d electrons. 5,6 In other words, in the infinite U d 
limit a conduction electron can jump to a d site only if it is 
empty and this results in a factor V d r 2 =V d (l-n d ) in the 
transition probability. 

Now, by replacing H c +H d by H™ d in Eq. (1), and ex¬ 
pressing the / hybridization term in terms of the renormal¬ 
ized band opera we obtain an effective Hamiltonian in 
which the f electrons hybridize with two renormalized bands 
that already contain the effects of the d electron hybridiza¬ 
tion and is given by 


H=H™ d +^ e { f] m f im +\ 2 U f f] m f im f] m ,f im , 

i,m imm' 

+ 4f 2 ( ^Lim e ~ ,kK,f aLji m + c-c.), (5) 

V ** s imkna 

where V^ m = V\[J m y ni2 (k) is a renormalized / hybridiza¬ 
tion matrix element. The renormalized / hybridization matrix 
element takes into account the mixed valence nature of the 
renormalized bands, i.e., an electron in a state |knor) and 
energy has a probability y„ i2 (^) 2 of being in a 
conduction-band state and hopping into the localized / state. 
The calculation of an effective magnetic Hamiltonian for the 
/ ions starting from Eq. (5) is accomplished by a combina¬ 
tion of a Schrieffer-Wolff (SW) transformation and pertur¬ 
bation theory. 6 Two distinct physical processes contribute to 
the two-ion interaction: (1) an induced interaction mediated 
by the interchange of a particle-hole excitation in the con¬ 
duction band; (2) a kinetic superexchange contribution due 
to an effective hopping or banding interaction between the 
localized electrons that results after applying the SW trans¬ 
formation to the Anderson Hamiltonian. The resulting ionic 
interaction between two localized f l electrons located at sites 
i and j is given by 

m.m' 

For a matrix element of the form 

v\L-^v f yn^k)Y 3 , m . a (k) 

X(3,l/2,m-a-,oi3,l/2.;',ffi), 

where y /m (&) is a spherical harmonic, (3,l/2,m-cr,oj3,l/ 
2 ,j,m) is a Clebsch-Gordon coefficient for a spin-orbit 
coupled / state, and a quantization axis along R,-R ; , it can 
be shown that the asymptotic behavior of the range function 
is given by 1,6 E m ' m . mm >^g(m,rn')E(R). The factor 

g(m,m') = <5| m | >1/2 ^| m »| >1 /2 

remains unchanged from the case where there are no d elec¬ 
trons and implies a highly anisotropic interaction that favors 
having two ions point their charge along the bonding axis 
(m = ± 1/2) thereby developing a small covalent bonding en¬ 
ergy and causing the ionic orbital moments to align perpen¬ 
dicular to the bonding axis. 1 The radial factor E(R) is a 
complicated function of the renormalized / hybridization and 
renormalized bands. 6 

To explore the physics that comes out of this approach, 
we have done a model calculation for a system of / ions with 
/=5/2 and d electrons with s- 1/2. The conduction band was 
assumed to be parabolic with a bandwidth W=5 eV. We took 
e d and €f to be 0.3 and 1 eV below the conduction Fermi 
surface, respectively. Before hybridization, the d band holds 
1 electron per site and the conduction band 0.6 electrons per 
site, and therefore after hybridization the lower hybridized 
band holds 1.6 electrons per site. The various parameters 
were chosen as follows: V d ~l eV, V/=0.1414 eV, Uf= 3.0 
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E vu and E v oscillate more rapidly with distance than E 0 due 
to renormalizations in the partial densities of states with a net 
effect of electrons spilling from the d band into the conduc¬ 
tion band. 7 The difference between E Vi u and E v is due to the 
correlations between the d electrons which are significant for 
the case considered here. A detailed analysis of these results 
is presented elsewhere. 6 

In conclusion, we have presented a method to compute 
the f-f ion interaction in systems where both d and magnetic 
/ electrons hybridize with a conduction band. Our calcula¬ 
tions elucidate some of the mechanisms by which two differ¬ 
ent transition shell species can interfere with each other 
through cooperative hybridization with a common Fermi 
band sea. We found that correlations between the d electrons 
in addition to hybridization must be taken into account in the 
calculation of the f-f interaction. 


FIG. 1. The range function (intersite coupling strength) as a function of the 
ratio of the distance between the two f sites to the unit-cell fee lattice 
constant a. Here the solid, dashed, and dotted curves correspond to £v,t/> 
E v , and E 0 , respectively. The arrows indicate the nearest-neighbor distances 
for a fee lattice. 


eV, and U d infinite. In Fig. 1 we show the calculated f-f ion 
interaction range function under different circumstances: (1) 
by taking itho account the hybridization and correlations be¬ 
tween the d electrons as outlined here, E vu (solid curve); 
(2) by treating the hybridization of the d electrons but ne¬ 
glecting their correlations, i.e., U d -0, E v (dashed curve); 
and (3) by neglecting both the hybridization and correlations 
between the d electrons, E 0 (dotted curve). We note that both 
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Antiferromagnetic order in superconducting UPt 3 : An x-ray magnetic 
scattering study (invited) 

E. D. Isaacs 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974 

P. Zschack 

Oak Ridge Institute for Science and Education, Brookhaven National Laboratory, Upton, New York 11973 

A. P. Ramirez, C. S. Oglesby, and E. Bucher®* 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974 

The temperature dependence of the antiferromagnetic order in superconducting UPt 3 has been 
measured using x-ray resonance magnetic scattering. The magnetic Bragg intensity at Q = ( 1/ 
2,0,2) grows linearly from T N =5 K to 1=0.6 K (7’ c+ =0.53 K), where it becomes suppressed 
with temperature to a reduction of ~6% at T= 180 mK. These results demonstrate a coupling of the 
superconducting and antiferromagnetic order parameters and are consistent with a suppression in the 
magnitude of the ordered moments below T c when compared with previously obtained 
neutron-scattering data. 


UPt 3 has emerged as a model system in which to study 
unconventional superconductivity. 1 The unconventional na¬ 
ture can be seen, for example, in the anisotropic response of 
bulk measurements in the superconducting phase, such as the 
ultrasound attenuation, 2 magnetic penetration depth, 3 flux 
lattice, 4 and tunneling, 5 which shows indirect evidence that 
the superconducting gap is anisotropic and that the Cooper 
pairs carry orbital angular momentum, e.g., d -wave pairing. 
It has been suggested that the rich phase diagram of UPt 3 for 
example, the splitting of the superconducting transition ob¬ 
served by specific heat, 6 arises from a breaking of the orbital 
degeneracy by a coupling of the superconducting order pa¬ 
rameter to another symmetry-breaking field in the system. 7 
Scattering studies, which are a direct microscopic probe, 
have pointed to several possible symmetry-breaking fields. 
Neutron-scattering 8,9 measurements have shown a coupling 
of superconductivi.y to the weak antiferromagnetic order ip. 
UPt 3 , while electron-scattering 10 studies have suggested the 
possibility of a coupling between superconductivity and an 
incommensurate structural modulation of the lattice. While 
these different results are tantalizing they point to the need 
for more microscopic measurements. Therefore, we have 
used x-ray magnetic diffraction to study the interplay of 
magnetism and superconductivity in UPt 3 . X-ray scattering 
is the only microscopic probe, along with neutron scattering, 
that is sensitive to the very small ordered moment found in 
this heavy fermion system. We show that there is a large 
suppression of the antiferromagnetic scattering intensity be¬ 
low the superconducting transition temperature T c+ , dem¬ 
onstrating a direct coupling between the superconducting and 
antiferromagnetic order parameters in UPt 3 . Applying the 
polarization selection rules unique to x-ray resonance scat¬ 
tering and comparing our results to the previous neutron¬ 
scattering measurements of Aeppli et al., s we show that the 
suppression of the magnetic scattering in the superconduct¬ 
ing phase is consistent with a suppression in the magnitude 
of the ordered moment below T c . 


a) Also at University of Konstanz, Konstanz 7750, Germany. 


Our x-ray scattering measurements have been performed 
at Beamline X14A at the National Synchrotron Light Source 
at Brookhaven National Laboratory. 11 Monochromatic x rays 
(3.728 keV) are horizontally focused at the sample by a sag- 
ittally bent, double-crystal Si(lll) monochromator collecting 
up to 5 mrad, and vertically focused by an x-ray mirror to a 
spot size of approximately 1 mm 2 . The mirror serves the 
additional function of low-pass filter, helping to suppress the 
higher-order components passed by the monochromator 
(e.g., X/4 at £ = 14.912 keV). A neon or argon gas propor¬ 
tional counter is used as a detector with an energy resolution 
of approximately 750 eV which allows us to separate the 
remaining higher-order contamination from \, and gives us a 
direct measure of the instrumental resolution function. 

The UPt 3 sample is mounted in vacuum on the mixing 
chamber of an Oxford Instruments dilution refrigerator. The 
temperature of the samp'e is monitored with a Ge diode sen¬ 
sor mounted on the mixii g chamber next to the sample. The 
refrigerator is fitted into a cryostat with three concentric cy¬ 
lindrical Be windows (two thermal shields, one at 4 K and a 
second at 77 K, and a vacuum shroud at 300 K). The cryostat 
is mounted on a two-circle diffractometer with a horizontal 
scattering plane, i.e., the plane of the synchrotron orbit. With 
this geometry we can access a larger volume in reciprocal 
space than the more conventional vertical scattering plane, 
while keeping the vertical axis of the cryostat within ±10° of 
vertical. This is necessary in order to keep the 3 He dilute/rich 
interface inside the mixing chamber. Because of the larger 
beam divergence in the horizontal plane (the 5 mrad accep¬ 
tance of the monochromator) the momentum resolution is 
defined by v slits just before the monochromator and scatter¬ 
ing slits before the detector to be Ag=8X10 -3 A -1 (see Fig. 
2). An additional advantage to the horizontal scattering plane 
is that for the magnetic reflection at Q=(1/2,0,2) there is 
significant suppression of the diffuse and higher-order (\/4) 
scattering at Q=(2,0,8) that would otherwise saturate the de¬ 
tector. This suppression is due to the polarization factor, 
which for a Bragg angle of 6^44.6° [Q=(l/2,0,2) with 
£=3.728 keV] is cos 2 (20)s=2XlO~ 4 . 

The UPt 3 sample that we use is cut from the same boule 
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that was used in muon spin relaxation measurements. 3 The 
boule was grown by the float-zone refining method and an¬ 
nealed at 1230 °C for 40 h in vacuum and slowly cooled to 
room temperature. The specific heat shows the now well- 
known splitting of the superconducting transition with 
T c+ =0.530 K and T c _ =0.427 K. The superconducting co¬ 
herence length is about 120 A as determined with muon spin 
relaxation by Broholm et al. in a sample cut from the same 
boule. 3 Our sample is a 5-mm-diamXl-mm-thick disk with a 
shiny, polished surface whose normal is within 1° of c*. 
UPt 3 has the hexagonal closed-pack Ni 3 Sn structure with the 
Pbymmc space group. In this article Bragg reflections are 
expressed using Miller indices with reciprocal lattice vectors 
a*=b* = 47r/av3=1.264 A -1 and c* = 2ir/c = 1.285 A -1 . 
The antiferromagnetic transition at T N =5 K corresponds to a 
doubling of the unit cell along [/t,0,0]([0,A:,0]) with the 
moments aligned along [/t,0,0] ([0/0]). 12 Thus, the mag¬ 
netic Bragg peaks occur at half-order positions, e.g., Q = (h 
+ l/2,0,l) for integer values of h and Z. The sample is fixed 
on the mixing chamber with the (h,0,l) plane normal to the 
horizontal scattering plane such that the {1/2,0,2) magnetic 
Bragg reflection is specular [0=l/2(20) Bragg ]. This configu¬ 
ration optimizes our sensitivity to a rotation of the ordered 
moments in the basal plane, given the polarization selection 
rules associated with resonant magnetic scattering (see 
below). 13 

In order to measure the very small ordered moment in 
UPt 3 of (0.02±0.005)/z fl we use the recently developed tech¬ 
nique of x-ray resonance magnetic scattering. 14,15 In previous 
work it was demonstrated that the weak antiferromagnetic 
ordering could be measured in the heavy fermion supercon¬ 
ductor URu 2 Si 2 (0.04 /x b ) 16 by tuning the incident x-ray en¬ 
ergy to the peak of the so-called “white line” feature at the 
uranium A/ IV absorption edge at £ = 3.728 keV. The lower 
curve in Fig. 1 shows .he integrated scattering intensity ver¬ 
sus energy in UPt 3 of the magnetic Bragg reflection at 
@ = (1/2,0,2) corrected for both background and absorption 
(upper curve) at 7=0.25 K. This resonance corresponds to a 
dipole transition from the 3<Z 3/2 core state to an unoccupied 
5/ 5/2 orbital. The quantum-mechanical contact between the 
5 / 5/2 states and the s,p, and d bands is what gives rise to the 
interesting low-temperature properties in this system, includ¬ 
ing the weak antiferromagnetism that we are probing. The 
measurements described in this article are carried out at the 
peak of the profile where the magnetic signal is a maximum. 
Since the penetration depth is a minimum at the same energy 
(—1/2 /xm), and since the crystal quality could have an effect 
on both the superconducting and antiferromagnetic coher¬ 
ence lengths, we determine whether the crystal quality of the 
bulk is the same as near the surface by measuring the sample 
mosaic. This is shown in the inset in Fig. 1 where we plot 
mosaic scans (intensity versus sample angle 0) at 
@ = (0,0,2) for £ = 7.59 keV with a penetration depth of 
—1 /xm and for £ = 16.0 keV with a penetration depth of 
—10 /xm. Similar scans are also seen for £ = 3.728 keV at 
the peak of the white line. These scans were taken with 
higher angular resolution than the magnetic scans, i.e., A 0 
=0.2 mrad. The mosaic widths differ by less than 5% lead¬ 
ing us to believe that the crystal quality of the bulk and 



FIG. 1. X-ray magnetic scattering resonance profile at the Af iv edge in UPt 3 
(/xsO.04 Mb)- The lower curve shows the magnetic scattering intensity at 
Q = (l/2,0,2) as a function incident energy for T- 0.25 K. The solid line 
is a Lorentzian fit to the data which has been corrected for background and 
absorption. The absorption profile is shown in the upper curve. Inset: The 
mosaic widths for incident x-ray energies 7.59 keV (O) and 16.00 keV (+) 
are shown to be nearly the same (A^vhm-O.OS 0 ) demonstrating that the 
crystal quality near the surface (<1 /xm) is similar to the bulk (10 /xm). 


surface region are the same. It is interesting to note that an 
as-grown (unannealed) sample cut from the same boule has a 
considerably broader mosaic width of 0.33° and a supercon¬ 
ducting transition which is suppressed to 7=0.4 K with no 
evidence of a splitting in the specific heat. 

Figure 2 shows a longitudinal (0-20) scan through the 
magnetic Bragg reflection at @ = (1/2,0,2) for T=0.25 K. 



FIG. 2. Longitudinal scans (8-29) through the magnetic (1/2,0,2) and charge 
(2,0,8) (collected at X/4) Bragg reflections at 7=0.25 K. The width of the 
(2,0,8) charge peak is a direct measure of the resolution function of our 
spectrometer. From a fit of a Lorentzian to the data we determine the mag¬ 
netic correlation length to be £=185 A. 
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FIG. 3. Integrated scattering intensity of the magnetic reflection at Q=(ll 
2,0,2) as a function of temperature corrected for background and normal¬ 
ized to fluorescence. The solid circles reflect temperatures for which inten¬ 
sities were measured repeated times for both cooling and warming. The 
arrow indicates the position of the upper superconducting transition at 
To =0.53 K. 

The peak intensity of the scan is a remarkable 10 counts/s. A 
temperature-independent (0.2 K<7<10 K) diffuse back¬ 
ground, due primarily to unresolved fluorescence, of about 
30 counts/s has been subtracted from the scan. The line 
shape of the longitudinal scan (solid line) is a Lorentzian 
convoluted with the nearly triangular resolution function. 
The resolution function, which we recall is determined by 
slits, is measured simultaneously by collecting the higher- 
order scattering (X/4) at Q- (2,0,8) shown by the open 
circles in Fig. 2. A fit to the data gives a full width at half 
maximum of ^*=0.013 A -1 , corresponding to a magnetic 
correlation length of approximately 185 A. This is not much 
larger than the superconducting coherence length as deter¬ 
mined by muon spin rotation (see Ref. 3). There is no mea¬ 
surable change in the magnetic correlation length above Tc+ 
at 7=2.3 K. This lack of long-range order with a similar 
correlation length has been observed with neutron 
scattering. 8 This is additional evidence that the near-surface 
magnetization as measured by x-ray resonance magnetic 
scattering is similar to that of the bulk as measured by neu¬ 
trons. 

The principle result of our experiment is shown in Fig. 3. 
Here we plot the background corrected integrated intensity 
of the magnetic Bragg peak at Q = (1/2,0,2) as a function of 
temperature, normalized to the value at T=0.6 K, near 7 C+ . 
The solid lines are least-squares linear fits to the data above 
and below 7 C+ , respectively, and cross at T= 0.61 K, The 
data have been normalized to the fluorescence to correct for 
scattering volume effects due to variations in x-ray beam 
position on the sample. The remaining systematic errors are 
shown by the error bars which are estimated from repeated 
scans at several temperatures (solid circles) taken for both 
warming and cooling. The scattering intensity shows a rela¬ 
tively abrupt onset at T N =5 K and grows as (T N -T) to 
7=0.6 K. While this linearity is consistent with mean field 
behavior, it extends over an unusually large temperature 
range to approximately 7jy/10. Similar behavior is observed 
in the heavy fermion superconductor URu 2 Si 2 , where the 


magnetic scattering intensity increases linearly until it satu¬ 
rates near T N /10 (7^=17 K) with a small ordered moment 
0z=0.04/i B ). 15,17 The reason for this unusual behavior is not 
well understood. Below 7=0.6 K there is a kink and a sub¬ 
sequent suppression with temperature to a reduction of ap¬ 
proximately 6% at 7=180 mK, the base temperature of this 
measurement. The dip in the order parameter just above 7 C 
at 7=0.45 K is about twice the size of the estimated error 
bars and, as such, will require further study. 

The reduction of the magnetic Bragg intensity at Q~{\l 
2,0,2) below 7 C+ can arise from one of the following pos¬ 
sibilities: (i) a rotation of the ordered moment, or (ii) a sup¬ 
pression in the magnitude of the ordered moment. First we 
examine case (i). Our sensitivity to the orientation of the 
ordered moment arises from the resonant magnetic scattering 
polarization selection rules. With the incident x-ray energy 
tuned to the peak of the uranium M IV edge (see Fig. 1) the 
polarization dependence of the resonance magnetic scatter¬ 
ing cross section is given by |-(e*Xc,)-z| 2 , where e, and 
€f are the polarization of the electric field of the incident and 
scattered photons, respectively, and z is a unit vector along 
the direction of the ordered moment fiP For the geometry of 
our experiment (e* xe,) = -k i /|k,|, where k, is the wave 
vector of the incident photon, and we recall that fi lies in the 
hexagonal basal plane. Because of our choice of scattering 
geometry we are particularly sensitive to a rotation of the 
moments, i.e., k, z is nearly linear in the orientation of fi. A 
6 % suppression would imply a spin rotation of only 2°, as¬ 
suming that the rotation is purely in plane, which is justified 
because the in-plane magnetic susceptibility is larger than 
along c. 18 We recall that the size of the suppression observed 
with magnetic neutron scattering was ~5%, which is very 
similar in magnitude to our results. 8 However, because the 
geometry and polarization selection rules for that measure¬ 
ment were different [|Qx(/«xQ)| 2 , where Q=(l,1/2,0) is the 
total neutron momentum transfer], a larger rotation would be 
required to produce the same suppression. Thus, we conclude 
that, within the error bars of our experiment, the reduction of 
the magnetic scattering intensity below 7 C+ is most likely 
due to a reduction in the magnitude of the ordered moment 
and not a rotation. This conclusion is reinforced when we 
consider that the observation of a reduction in the magnetic 
intensity due to rotation would require dominant chirality in 
the basal plane, which is not known to exist in the absence of 
a magnetic field. It would be more likely that an equal dis¬ 
tribution of domains with clockwise and counterclockwise 
rotations should exist, which would average out and produce 
no net change in the scattering intensity. 

In conclusion, we have measured the antiferromagnetic 
Bragg reflection at Q=(1/2,0,2) to 7= 180 mK using x-ray 
resonance magnetic scattering. The kink in the scattering in¬ 
tensity, which occurs very near the upper superconducting 
transition at 7 C+ =0.53 K, is evidence that superconductivity 
influences antiferromagnetism in UPt 3 . The 6% reduction in 
scattering intensity that we observe is very similar in magni¬ 
tude to what was previously observed with neutron scatter¬ 
ing, but with quite different scattering geometry and polar¬ 
ization selection rules. This leads us to conclude that the 
reduction arises from a suppression of the ordered moment 
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rather than a rotation. Such a reduction points to a direct 
coupling of the two order parameters, which in turn points to 
the anisotropic nature of the superconductivity. While we 
cannot explicitly determine the nature of this anisotropy with 
this measurement, it is consistent with the general picture in 
which the formation of an anisotropic superconducting gap 
(e.g., which vanishes along lines on the Fermi surface) com¬ 
petes with the highly anisotropic antiferromagnetic state. 19 In 
this scenario antiferromagnetism could provide the symme¬ 
try breaking field that gives rise to the rich superconducting 
phase diagram in UPt 3 . 

We are indebted to Gabriel Aeppli and Rafael Kleiman 
for enlightening discussions. We also acknowledge Hugh 
Williams and Mitch Nelson. Oak Ridge National Laboratory 
Beamline X14A is supported by the Division of Materials 
Sciences and Division of Chemical Sciences, U.S. Depart¬ 
ment of Energy under Contract No. DE-AC05-840R21400 
with Martin Marietta Energy Systems, Inc. 
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Non-Fermi liquid ground states in strongly correlated f-electron 
materials (invited) (abstract) 

M. B. Maple 
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San Diego, La Jolla, California 92093-0319 

Strongly correlated electron materials, especially the high transition temperature ( T c ) cuprate 
superconductors and heavy fermion rare earth and actinide compounds, have been the focus of 
intense investigation in recent years. The unusual normal state properties of the high T c cuprates 
have been ascribed by some researchers to a non-Fermi liquid (NFL) metallic state, while the 
anomalous properties of certain heavy fermion U-based superconductors such as UBe 13 have been 
attributed to NFL behavior due to a two-channel quadrupolar Kondo effect. 1 Although NFL behavior 
has not been established in any of the U-based heavy fermion superconductors, evidence for its 
occurrence in an /-electron material has been found in the U alloy system Y 1 _^U f Pd 3 . 2 
Subsequently, NFL behavior was observed in a number of other/-electron alloy systems, including 
S c i- f UjPd 3 , UCu 35 Pdj 5 , Th 0 .iUo. 9 Be 13 , Thj.^U^RujS^ (*=£0.07), Th] _ jC U r Pd 2 A] 3 , 
La^Ce^C^S^, and CeCu 59 Auo.i. Evidence for NFL behavior in Y 1 _ x U t Pd 3 and related systems 
is reviewed and discussed within the context of possible microscopic mechanisms. Some 
systematics of the NFL low temperature behavior observed in several /-electron materials include a 
linear temperature dependence of the electrical resistivity p~ 1 - aT with the coefficient a either >0 
or <0, a logarithmically diverging specific heat C/T —In T, and T ln asymptotic behavior of the 
magnetic susceptibility y~ 1 ~ T in . 
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Magneto-oscillatory phenomena in highly correlated metals (invited) 
(abstract) 
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A central question in the physics of interacting electron systems is whether conditions exist under 
which the conventional Landau description fails to describe the low energy excitations of the 
“normal” metallic state. Measurements of the temperature and magnetic field dependences of the 
magnetization and resistivity—in particular of the de Haas-van Alphen and Shubnikov effects 
which provide sensitive probes of microscopic processes in metals—are currently being used to 
examine this question. Advances in material preparation and detection techniques have made it 
possible to conduct exhaustive studies in selected examples of systems of highly correlated d and / 
electrons. Most of our results will be shown to be consistent with the broad predictions of the 
Landau model. In some extreme circumstances, however, near low temperature transitions as a 
function of hydrostatic pressure or applied magnetic field, evidence has been collected which 
appears difficult to reconcile with the standard model of the metallic state. 
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New rare-earth intermetallic phases R 3 (Fe,M) 2 gX fl : (R=Ce, Pr, Nd, Sm, Gd; 
M=Ti, V, Cr, Mn; and X=H, N, C) (invited) 

J. M. Cadogan and Hong-Shuo Li 

School of Physics, The University of New South Wales, Sydney NSW 2052, Australia 

A. Margarian 

Department of Applied Physics, University of Technology, Sydney NSW 2007 and CSIRO Division of 
Applied Physics, Lindfield NSW 2070, Australia 

J. B. Dunlop 

CSIRO Division of Applied Physics, Lindfield NSW 2070, Australia 

D. H. Ryan 

Department of Physics, McGill University, Montreal, Quebec H3A 2T8, Canada 

S. J. Collocott 

CSIRO Division of Applied Physics, Lindfield NSW 2070, Australia 

R. L. Davis 

Australian Nuclear Science and Technology Organisation, Lucas Heights NSW 2234, Australia 

New rare-earth (R), iron-rich ternary intermetallic compounds of the form R 3 (Fe,M) 29 with the 
monoclinic Nd 3 (Fe,Ti) 29 structure (space group Fife, #14, Z=2) have recently been shown to form 
with R=Ce, Nd, Pr, Sm, and Gd, and M=Ti, V, Cr, and Mn. This novel structure is derived from 
the alternate stacking of Th 2 Zn n and ThMn 12 -type segments and contains two R sites and fifteen 
Fe(M) sites. Reported Curie temperatures of the 3:29 compounds range from 296 K (R=Ce, M=Cr) 
to 524 K (R=Sm, M=V). The 3:29 compounds all show improved magnetic properties after 
interstitial modification with H or N; in particular, room-temperature coercivity has been reported in 
Sm 3 (Fe,Ti) 29 N 5 , making this compound a candidate for possible permanent-magnet applications. In 
this article we will review the work carried out to date on the 3:29 compounds. 


The past ten years have witnessed a renewed interest in 
the structural and magnetic properties of rare-earth (R), iron- 
rich intermetallic compounds. These intermetallics often 
show potential for application as permanent-magnet materi¬ 
als, as in the case of Nd 2 Fei 4 B, and much effort has been 
devoted to the search for intermetallic systems whose mag¬ 
netic properties might surpass those of Nd 2 Fei 4 B, which is 
limited in application by its comparatively low Curie 
temperature. 1 Two families of intermetallics, the rhombohe- 
dral R 2 (Fe,M) 17 and tetragonal R(Fe,M) 12 compounds, have 
received special attention since they are both able to absorb 
N and C as interstitial atoms, with remarkable improvements 
in their magnetic properties resulting. In fact, Sm 2 Fe 17 N 3 _{ 
and Nd(Fe,Ti)i 2 N 1 _ ( 5 both have uniaxial anisotropy and Cu¬ 
rie temperatures over 700 K. 

As early as 1990, Jang and Stadelmaier 2 demonstrated 
that the tetragonal NdFe u Ti phase is unstable at tempera¬ 
tures below about 1000 °C, decomposing into Nd 2 (Fe,Ti) n , 
Fe 2 Ti, and a-Fe(Ti), a fact missed by many workers. In 
1992, whilst studying the conditions of formation of 
NdFe n Ti, with a view to preparing single-phase material for 
subsequent nitrogenation and ultimately NdFenTiNj.^ 
based permanent magnets, Collocott et al? reported the for¬ 
mation of a new high-temperature phase in the Fe-rich comer 
of the Nd-Fe-Ti ternary phase diagram (see also Margarian 
et al. 4 ). The new structure was given as Nd 2 (Fe,Ti) 19 by Col¬ 
locott et al. 3 and its x-ray diffraction (XRD) pattern was in¬ 


dexed on the basis of a (2a,4c) superstructure of the hexago¬ 
nal TbCu 7 structure. The Nd 2 (Fe,Ti)i 9 compound had a rather 
low Curie temperature of 411 K but absorption of nitrogen 
gave a roughly'50% increase in Curie temperature. However, 
the easy direction of magnetization is in the basal plane (re¬ 
ferred to the underlying hexagonal TbCu 7 cell) for both the 
parent and nitride compounds, precluding its use as a perma¬ 
nent magnet. 

There are a number of reports of Sm-Fe-Ti and Nd-Fe-Ti 
phases at around the same composition as the Nd 2 (Fe,Ti) ]9 
compound of Collocott et al. 3 For example, Saito et al. 5 and 
Ohashi et al. 6 both observed a transformation from a tetrag¬ 
onal ThMni 2 structure to a disordered hexagonal TbCu 7 
structure in rapidly quenched SmFe n Ti as the quenching rate 
increased. Similarly, Katter et al. 7 observed a transformation 
from the rhombohedral Th 2 Zn 17 structure to the TbCu 7 struc¬ 
ture in Sm-Fe alloys around the 1:9 composition, and Neiva 
et al. 6 reported the formation of a 1:7 phase with composi¬ 
tion Sm(Fe,Ti) 9 . Jang and Stadelmaier 2 reported a Ti- 
stabilized NdFe 7 phase in as-cast alloys. At the same confer¬ 
ence at which Collocott et al. reported the formation of the 
Nd 2 (Fe,Ti) 19 phase, 3 Hirosawa et al. 9 reported the formation 
of a Nd(Fe,Ti) 9 phase with the TbCu 7 structure during a 
study of the formation of the ThMn 12 -type NdFe n Ti phase. A 
common feature of many of these reports is the transforma¬ 
tion from the 2:17 or 1:12 structures to the disordered 1:7 
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structure by rapid solidification with increasing quenching 
rate. 

At the 38th Annual MMM Conference in Minneapolis in 
November 1993, Cadogan etal. 10 reported that the new 
Nd 2 (Fe,Ti) 19 structure is monoclinic with a cell derived from 
that of TbCu 7 . At the same conference, Li et al? 1 reported 
the observation of a Pr 2 (Fe,Ti) 19 phase in a study of the 
(Pr^iyFes compounds. During discussions at the MMM 
Conference we learned that the General Motors group 
(Fuerst etal.) had also observed the formation of a new 
structure in samples of the form NdFe 9 S _,M^ (*=0.5 for 
M=Ti, 1.5 for M=Cr and*>3.5 for M=Mn) with virtually 
identical XRD patterns to that of our Nd 2 (Fe,Ti) 19 sample. 3,10 
Fuerst etal. 12 were the first to suggest that the new phase 
belongs to the P2 t /c space group, which was later confirmed 
by x-ray 13 and neutron 14 powder diffraction work. The struc¬ 
tural determinations 13,14 also showed that the stoichiometry 
previously referred to as Nd 2 (Fe,Ti) 19 is in fact Nd 3 (Fe,Ti) 29 . 
The R 3 (Fe,Ti) 29 phase is now known to form with R=Sm, 15 
Pr, 11 Ce, 16 and Gd, 17 in addition to R=Nd. 

In this article we shall review the structural and mag¬ 
netic properties of the new R 3 (Fe,M) 29 phases. 

In the original paper by Collocott etal? the new 
Nd-Fe-Ti phase was denoted Nd 2 (Fe,Ti)i 9 and found to form 
with high-temperature annealing (1100 °C). This structure 
only forms for a Ti content in the range 3.8-5.1 at. % and 
was indexed as a (2a,4c) superlattice of the hexagonal TbCu 7 
structure. Earlier work by Ivanova, Shcherbakova, and 
co-workers 18,19 also showed evidence of a new structure in 
the R 2 (Fe 0 91 V 0 09 ) 17 (R=Y, Nd, Sm, and Gd) compounds and 
these workers described the crystal cell as being a (5a,5c) 
superiattice of the hexagonal CaCu 5 structure for R=Y and a 
distorted orthorhombic variant of the hexagonal CaCu 5 struc¬ 
ture for R=Nd, Sm, and Gd. The similarities between the 
XRD patterns of the Sm 2 (Fe 091 V 009 ) 17 sample of Shcherba¬ 
kova et al, 19 and the Nd 2 (Fe,Ti) 19 sample of Collocott et al? 
strongly suggest that these samples in fact have the same 
crystal structure. 

The structure of Nd 2 (Fe,Ti) 19 was reported as monoclinic 
by Cadogan et al. 10 and Fuerst et al.? 2 the latter group sug¬ 
gesting the P2,/c space group and also that the crvstal cell 
contained six NdFe 9 5 _jM* units, on the basis oi density 
measurements. 

The final structural refinement was obtained from x-ray 
powder diffraction work by Li etal? 3 who confirmed the 
monoclinic P2,/c space group and showed that the correct 
stoichiometry of the new phase is Nd 3 (Fe,Ti) 29 with two for¬ 
mula units per cell. The 3:29 stoichiometry represents a dif¬ 
ference of 1.7% from the original 2:19 stoichiometry. At the 
same time, Yelon and co-workers 14 refined the 3:29 structure 
by neutron powder diffraction, and there is excellent agree¬ 
ment between these two structural refinements. In Fig. 1 we 
show the powder XRD patterns (Cu Ka radiation) of 
Nd 3 (Fe,Ti) 29 , together with those of Nd 2 (Fe,Ti) 17 and 
Nd(Fe,Ti) 12 for comparison, and in Fig. 2 we show the crys¬ 
tal structure of Nd 3 (Fe,Ti) 29 (courtesy of Hu and Yelon 14 ). 

The structure of Nd 3 (Fe,Ti) 29 is intermediate between the 
well-known rhombohedral Th 2 Zn 17 and tetragonal ThMn, 2 
structures. The common feature of all these structures is that 



FIG. 1. X-ray powder diffraction patterns (Cu Ka) of monoclinic 
Ndj(Fe,Ti) 29 , rhombohedral Nd 2 (Fc,Ti) 17 and tetragonal Nd(Fc,Ti) I2 . 


they are formed by the replacement of R atoms by T-T 
“dumb-bells” in the hexagonal RT 5 structure. This process 
may be described by the equation 

Ri -*(2T) x T s -»RT y 

with the 2:17 structure corresponding to a j replacement and 
the 1:12 structure corresponding to a j replacement. The new 
3:29 structure corresponds to a \ replacement and is formed 
by the alternate stacking of 2:17 and 1:12 segments, in the 



b 

® Nd 

© (Fe,Ti) _. C 


FIG. 2. Monoclinic unit cell of Nd 3 (Fe,Ti) w (Ref. 14). 
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TABLE I. Lattice parameters and indexation cells used in the analysis of x-ray and neutron diffraction data on 
the R 3 (Fe,M) M compounds. The atomic content of the M atom is at. %. [* The indexation of Y 2 (Fe,V ) 17 by 
Shcherbakova et al 19 was given in both hexagonal and orthorhombic forms for comparison with their other 
R 2 (Fe,V ) 17 compounds. The lattice parameter a is therefore determined by a=bV3 since Shcherbakova et al. 
indexed Y 2 (Fe,V ) 17 as a true hexagonal structure.] 


R 

M 

at. % M 

a(A) 

6 (A) 

c(A) 

ID 

Cell 

Ref. 

Y 

V 

8.1 

24.3 

... 

20.9 

... 

hexag. 

18 

Y 

V 

8.1 

42.09 

24.30 

20.90 


ortho-hex 

*19 

Nd 

V 

8.1 

42.80 

24.31 

21.04 

... 

ortho. 

19 

Sm 

V 

8.1 

42.60 

24.27 

20.99 


ortho. 

19 

Gd 

V 

8.1 

42.45 

24.30 

20.86 

... 

ortho. 

19 

Nd 

Ti 

4.1 

9.88 

... 

16.96 

... 

hexag. 

3 

Nd 

Ti 

4.1 

10.644 

8.585 

9.755 

96.92 

mono. 

10 

Nd 

Ti 

4.8 

10.65 

8.59 

9.75 

96.9 

mono. 

12,30 

Nd 

Ti 

4.1 

10.641 

8.5913 

9.748 

96.928 

mono. 

13 

Nd 

Ti 

3.9 

10.6628 

8.6056 

9.7610 

96.996 

mono. 

14 

Nd 

Ti 

3.6 

10.62 

8.58 

9.73 

96.912 

mono. 

22 

Sm 

Ti 

6.1 

10.65 

8.58 

9.72 

96.98 

mono. 

15 

Sm 

Ti 

6.3 

10.62 

8.56 

9.72 

96.972 

mono. 

22 

Sm 

Ti 

3.8 

10.63 

8.57 

9.72 

97.0 

mono. 

30 

Ce 

Ti 

5.0 

10.56 

8.49 

9.68 

96.7 

mono. 

30 

Pr 

Ti 

4.5 

10.63 

8.59 

9.74 

96.892 

mono. 

22 

Pr 

Ti 

4.7 

10.64 

8.63 

9.76 

97.1 

mono. 

30 

Ce 

Cr 

12.8 

10.53 

8.45 

9.63 

96.8 

mono. 

30 

Nd 

Cr 

14.3 

10.60 

8.55 

9.71 

96.8 

mono. 

12 

Nd 

Cr 

13.8 

10.59 

8.56 

9.71 

96.9 

mono. 

30 

Sm 

Cr 

14.1 

10.56 

8.51 

9.68 

96.9 

mono. 

30 

Nd 

Mn 

33.3 

10.65 

8.61 

9.75 

96.9 

mono. 

12 


ratio 1:1. Such structural relationships were considered by 
Stadelmaier in 1984, 20 who indeed predicted the occurrence 
of a number of novel structures including the 3:29 structure. 
Stadelmaier showed that such new structures must have one 
edge length equal to a 0 V3 where « 0 is the relevant lattice 
parameter of the 1:5 cell. Both structural refinements of 
Nd 3 (Fe,Ti ) 2 9 (Refs. 13,14) have b~a Q V3, in agreement with 
Stadelmaier’s criterion. In Table I we give the lattice param¬ 
eters and indexation cells of the various R 3 (Fe,M) 29 com¬ 
pounds studied to date. 


TABLE II. Atomic positions and lattice parameters of Nd 3 (Fe 0 . 955 ^ 0045)29 
obtained from the x-ray powder diffraction pattern refinement according to 
the space group P2,/c . 13 


Atom 

Site 

X 

y 

z 

Nd 

2 a 

0 

0 

0 

Nd 

4e 

0.5925(4) 

0 

0.1851(1) 

Fe 

2d 

1/2 

1/2 

0 

Fe 

4c, 

0.8570(5) 

1/2 

0.2141(1) 

Fe 

4e 2 

0.2570(5) 

1/2 

0.0141(1) 

Fe 

4e 3 

4/5 

0.785(1) 

1/10 

Fe 

4c 4 

4/5 

0.215(1) 

1/10 

Fe 

4e s 

0.628(1) 

0.638(2) 

0.1858(1) 

Fe 

4e 6 

0.628(1) 

0.362(2) 

0.1858(1) 

Fe 

4e 7 

0 

0.853(2) 

1/2 

Fe 

4c? 

0.892(1) 

0 

0.284(2) 

Fe 

4e 9 

4/5 

1/4 

7/20 

Fe 

4C|o 

4/5 

3/4 

mo 

Fe 

4c„ 

0.706(1) 

1/2 

0.411(2) 

Fe 

4«i 2 

0.410(2) 

3/4 

0.072(4) 

Fe 

4C | 3 

0.597(2) 

3/4 

0.444(4) 

Fe 

4c 14 

R p = 8 . 8 % 
H^=11.9* 
*=5.9% 
R &m -5.6% 

0 

3/4 

a = 10.641(l) A 

6 = 8.5913(8) A 
c = 9.748(l) A 
/3=96.928(6)° 
Z-2 

1/4 
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The monoclinic R 3 (Fe,M) 29 structure contains two R 
sites (2a and 4e) and fifteen Fe(M) sites (2d and fourteen 4e 
sites), and in Table II we give the atomic positions of these 
sites, deduced by Li et al, 13 from x-ray powder diffraction. 
The relationships between the lattice parameters of the 3:29 
and 1:5 structures are 

«= V(2a 0 ) 2 +(co) 2 

b=fia 0 

c='J{a 0 ) 2 +(2c 0 ) 2 

12 a 0 \ / flo \ 

P = arctanj -^—J + arctan| -— J, 

and in Fig. 3 we show the relationship between the 3:29 and 
1:7 crystal cells. 10 In Fig. 4 we show a schematic represen¬ 
tation of the dumb-bell substitution sequence, projected onto 
the (110) plane of the CaCu 5 structure, for the 2:17,3:29, and 
1:12 structures. 13 



FIG. 3. Crystallographic relationship in the a-c plane between the mono¬ 
clinic unit cell of Nd 3 (Fe,Ti ) 29 and the hexagonal TbCu 7 cell (Ref. 10). 

Cadogan et al. 










(c)ThMnjj 


dumb-bell 



O y=w 

<b 


Nd 

o *“• 
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FIG. 4. Schematic representation of the geometrical relationship and the 
dumb-bell substitution sequence, in a projection onto the (110) plane of the 
hexagonal CaCu 5 structure for the 3:29, 2:17, and 1:12 structures (Ref. 13). 


The rhombohedral 2:17 structure forms with light R at¬ 
oms by a regular dumb-bell replacement in the 1:5 structure, 
and we therefore suggest that the new monoclinic 3:29 struc¬ 
ture will also form only for light R (including Gd). It is quite 


likely that a different structure derived from the stacking of 
hexagonal 2:17 and tetragonal 1:12 segments will exist for 
3:29 compounds with heavy R atoms. It is also likely that 
other intermediate phases based on the stacking of the rhom¬ 
bohedral 2:17 and tetragonal 1:12 segments will exist, be¬ 
sides 3:29. For example, a 2:1 stacking (| dumb-bell replace¬ 
ment) would correspond to a 5:46 phase, whereas a 1:2 
stacking (f dumb-bell replacement) would correspond to a 
4:41 phase. 

Hu and Yelon 14 drew attention in their paper to the fact 
that the crystal structure of 3:29 shows a distinct stacking 
along the b direction which is reminiscent of the Nd 2 Fe M B 
structure, in that there is an alternating stacking of 
R-containing and R-ffee layers. Furthermore, they pointed 
out that the distinction between the dumb-bell and non¬ 
dumb-bell Fe sites is not as clear-cut as in the 2:17 and 1:12 
structures, since the 3:29 structure exhibits a number of 
rather short Fe-Fe bonds (<2.45 A). Taking advantage of the 
fact that Ti has a negative neutron scattering length, Hu and 
Yelon demonstrated that the Ti atoms in Nd 3 (Fe,Ti ) 2 9 occupy 
sites with a low Nd coordination. In a subsequent paper, Hu 
and Yelon 21 presented a comprehensive summary of the bond 
lengths in Nd 3 (Fe,Ti) 29 and showed that the distribution in 
bond length is virtually continuous over the range 2.36-3.01 
A, in contrast to the Nd 2 (Fe,Ti) 17 and Nd(Fe,Ti) ]2 com¬ 
pounds. In their paper, Hu and Yelon also reported the for¬ 
mation of Nd 3 (Fe,V) 29 and Nd 3 (Fe,Al) 29 , but no structural 
details were presented. 

The R 3 (Fe,M) 29 compounds are ferromagnetic with Cu¬ 
rie temperatures in the range 296 K [R=Ce, M=Cr (Ref. 
30)] to 524 K [R=Gd, M=V (Ref. 19)]. XRD experiments 
on magnetically aligned powder samples of Nd 3 (Fe,Ti) 29 
(Ref. 22) and Sm 3 (Fe,Ti) 29 (Ref. 15) indicate that the easy 
direction of magnetization is in the a-b basal plane (hexago¬ 
nal description), along [201], whereas the powder neutron 
diffraction results of Hu and Yelon 14,21 were interpreted in 


TABLE III. Intrinsic magnetic parameters (Curie temperature, saturation magnetization and anisotropy field) of 
the R 3 (Fe,M ) 2 9 compounds (*=12 K measurement and X=77 K measurement). 


R 

M 

at. % M 

T c 

(K) 

W«,(4 K) 

W f - U -) 

M „,(RT) 

(flg/f.ll.) 

B.( 4 K) 

(T) 

B.(RT) 

(T) 

Ref. 

Y 

V 

8.1 

439 

41 


3.8 


18 

Y 

V 

8.1 

439 

41 



... 

19 

Nd 

V 

8.1 

480 

50 

... 


... 

19 

Sm 

V 

8.1 

490 

41 


23.9 

17.3 

19 

Gd 

V 

8.1 

524 

24 




19 

Ce 

Ti 

5.0 

322 

47.0 

31.4 


... 

30 

Pr 

Ti 

4.5 

373 

56.4* 

46.2 

6.3* 

4.0 

22 

Pr 

Ti 

4.7 

393 

60.7 

45.4 



30 

Nd 

Ti 

4.1 

480 

46.3 

42.1 



3 

Nd 

Ti 

4.1 

411 

57.3 

48.6 



10 

Nd 

Ti 

4.8 

424 

58.9 

44.5 



12 

Nd 

Ti 

3.9 

361 





21 

Nd 

Ti 

3.6 

396 

58.2* 

47.6 

9.8* 

7.7 

22 

Nd 

Ti 

4.1 

426 





26 

Nd 

Ti 

5.0 

419 

58.5 

44.8 



30 

Sm 

Ti 

6.1 

486 

46.0 X 

43.8 



15 

Sm 

Ti 

6.3 

452 

50.8* 

43.6 

7.8* 

5.8 

22 

Sm 

Ti 

3.8 

469 

51.6 

45.2 



30 

Ce 

Cr 

12.8 

296 

35.4 




30 

Nd 

Cr 

14.3 

417 

45.0 

33.4 



12 

Nd 

Cr 

13.8 

410 

45.3 

34.5 



30 

Sm 

Cr 

14.1 

423 

38.6 

31.1 



30 

Nd 

Mn 

33.3 

<295 

17.1 




12 
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FIG. 5. Magnetization curves for Nd 3 (Fe,Ti) 2 9 in applied fields of 0.1 and 5 
T (Ref. 10). 


terms of the magnetically easy direction being the crystal 
n-axis at 295 K. The saturation magnetization of 
Nd 3 (Fe,Ti ) 2 9 is 58 /Xg/f.u. at 4 K and 47 /%/f.u. at 295 K, and 
its anisotropy field B a = l.l T at 295 K and 9.8 T at 12 
K 10.22 j n j a (,| e we summarize the intrinsic magnetic 
properties of the various R 3 (Fe,M ) 2 9 compounds. 

The temperature dependence of the magnetization of 
Nd 3 (Fe,Ti) 29 presented by Cadogan eta/. 10 (Fig, 5) shows 
clear evidence of a magnetization reorientation around 220 K 
(B app i=0.1 T), and recent low-temperature neutron work by 
Hu and Yelon 21 confirms a shift in the easy direction of mag¬ 
netization away from the crystal a axis (at 295 K) to the a-b 
plane (at 12.5 K). Our analysis of 57 Fe average hyperfine 
fields, deduced from Mossbauer measurements, also supports 
the occurrence of a spin reorientation at low temperatures. 23 
Other evidence of magnetization reorientations in the form 
of FOMPs (first-order magnetization processes) has been re¬ 
ported by Fuerst et al. 12 who observed a FOMP in the mag¬ 
netization of NdFe 9 0 Tio.s measured on fixed powders at 5 K; 
the observed FOMP field is 2.0 T. Yang et al. is also observed 
a FOMP in Sm 3 (Fe,Ti) 29 by singular-point detection mea¬ 
surements; their FOMP fields are 2.2 T at 77 K and 3.0 T at 
4 K. The exact nature of the magnetization reorientations in 
Nd 3 (Fe,Ti) 29 are as yet unclear. 

Finally, Fuerst et al. 12 reported that their NdFe 6 0 Mn 3 5 
sample had a coercive field of 3.8 kOe at 5 K, whereas their 
NdFe 90 Ti 0 5 and NdFe 80 Cr 15 samples had coercivities less 
than 1.2 kOe. 


Shcherbakova etal. 19 demonstrated that their 
R 2 (FeQ 9 jV 0 . 09 )n (R=Y, Nd, Sm, and Gd) phases all absorb 
nitrogen with substantial increases in Curie temperature en¬ 
suing (see Table IV). Significantly, they also found an easy 
[001] direction of magnetization (hexagonal description) in 
Sm 2 (Fe 0 91 V 0 09 ) 17 N 2 S and measured anisotropy fields B a of 
23.9 T at 4 K and 17.3 T at 260 K. The formation of a 
carbide Y 2 (Fe 0 , 9 iV 0 09 ) 57 ^, 0 , which had a modest 30 K in¬ 
crease in Curie temperature over the parent phase, was also 
reported by these authors. 

Collocott et al? showed that Nd 3 (Fe,Ti) 29 absorbs nitro¬ 
gen, with a 5.4% increase in volume and a 45% increase in 
Curie temperature resulting. However, their XRD patterns on 
magnetically aligned powder samples showed that both the 
parent and nitride compounds had a-b planar anisotropy. 

Yang et al? 4 reported the formation of Sm 3 (Fe,Ti) 29 N 3 
with a 7.1% volume increase relative to the parent phase. 
The Curie temperature of the nitride was 750 K compared to 
486 K for the parent phase and, importantly, Sm 3 (Fe,Ti) 29 N 5 
shows c-axis anisotropy. The anisotropy field of 
Sm 3 (Fe,Ti) 29 N s is 18.1 T at 4 K, and Yang et al. 24 were able 
to develop a coercivity of /z 0 Hc, = 1.3 T at 4 K. Subsequent 
work by Hu et al. 25 on ball-milled Sm 3 (Fe,Ti) 2 9 N 5 produced 
a maximum energy product (B//) max of 105 kJ m~ 3 after ball 
milling for 4.5 h. 

Ryan et al. 26 have studied the absorption of hydrogen 
and nitrogen by Nd 3 (Fe,Ti) 29 using thermopiezic analysis, 
thermogravimetric analysis (TGA), and S7 Fe Mossbauer 
spectroscopy, and found that the addition of hydrogen leads 
to a significant increase in Curie temperature but very little 
change in Fe moment, whereas the addition of nitrogen in¬ 
creases both parameters. Attempts to form a Nd 3 (Fe,Ti) 29 
carbide were unsuccessful due to disproportionation of the 
material, although a “magnetic event” was observed by TGA 
at 660 K which was tentatively assigned to a Nd 3 (Fe,Ti) 29 C x 
phase. 

As mentioned earlier, the 3:29 structure is formed by the 
1:1 alternate stacking of 2:17 and 1:12 segments and Li 27 has 
identified the interstitial sites available to N or C atoms in the 
3:29 structure by considering the interstitial sites in the 1:12 
and 2:17 structures. There are two 4e interstitial sites with 
the special atomic positions ( 555 ) and ( 553 ), giving a maxi¬ 
mum N content of Nd 3 (Fe,Ti) 29 N 4 according to the relation 


TABLE IV. Intrinsic magnetic properties and volume expansions of the R 3 (Fc,M)> 9 N x compounds [X = 12 K 
measurement and * refers to Nd 3 (Fe,Ti) 29 H,]. 


R 

M 

at. % M 

X 

AV(%) 

T c 

(K) 

M w (4 K) 
(Mb/Lu.) 

M su(RT) 
Wf.u.) 

fU4 K) 
(T) 

S.(RT) 

(T) 

Ref. 

Y 

V 

8.1 

4 


706 





19 

Nd 

V 

8.1 

4 


706 





19 

Sm 

V 

8.1 

4 

6 

743 





19 

Gd 

V 

8.1 

4 


728 





19 

Nd 

Ti 

4.1 

4 

5.4 

695 


57.6 

... 


3 

Nd 

Ti 

4.1 

4.5 

6.5 

723 





26 

Sm 

Ti 

6.1 

5 

7.1 

750 

60.9 

53.3 

18.1 

12.8 

24 

Nd 

Ti 

4.1 

6 .1* 

2.2 

>548 





26 

Pr 

Ti 

4.5 

5.4 

6.9 

700 

68.8X 

63.6 

13.9X 

7.5 

22 

Nd 

Ti 

3.6 

4.7 

5.4 

725 

61.3X 

61.7 

19.4X 

8.1 

22 

Sm 

Ti 

6.3 

3.8 

5.3 

710 

59.4 X 

52.3 

14.3 X 

10.7 

22 
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FIG. 6. 57 Fe Mossbauer spectra of Nd 3 (Fe,Ti) 2 9 and Nd 3 (Fe,Ti)29N 4 5 ob¬ 
tained at 12 K with a 57 CoRh source (Ref. 26). 


R 2 M n N 3 +RM 12 N,—>R 3 M 29 N 4 . 

Ryan and Cadogan 26 calculated the sizes of the holes in the 
3:29 structure and found that all holes capable of accommo¬ 
dating interstitial H, N, or C are 4e sites. The two largest 
holes have radii of 0.64 and 0.59 A and are thus able to 
accommodate N or C, giving R 3 M 29 X 4 as the maximum in¬ 
terstitial X content. The next largest hole has a radius of 0.45 
A, which is too small for N or C but can accommodate H, 
giving a maximum H content of R 3 M 29 H 6 , as observed. 26 

In Table IV we summarize the work on interstitially 
modified 3:29 compounds. The interstitial contents are ap¬ 
proximate values, and we note that the results on the 
Sm 3 (Fe,Ti) 29 nitride by Yang et al. 24 and Hu et al. 25 give a 
nitrogen content of N 5 . Ryan et al. 26 calculated a nitrogen 
content of N 45 in Nd 3 (Fe,Ti) 29 N l . but caution that such re¬ 
sults with N >4 may be due to partial decomposition of the 
samples. 

The room-temperature 57 Fe Mossbauer spectra of 
Nd 3 (Fe,Ti) 29 and its nitride were presented by Cadogan 
et al., 23 along with spectra of Nd 2 (Fe,Ti) i7 ard Nd(Fe,Ti) n 
for comparison. The Nd 3 (Fe,Ti) 29 phase has an average 
57 Fe hyperfine field (B hf ) of 20.8 T at 295 K which corre¬ 
sponds to an average Fe moment of 1.33 /r B , assuming a 
conversion factor of 15.6 T//z B , 29 The corresponding (B h{ ) 
values of Nd 2 (Fe,Ti)i 7 and Nd(Fe,Ti) 12 are 15.4 and 24.8 T, 
respectively. The (bJ) of Nd 3 (Fe,Ti) 29 N 4 is 29.6 T at 295 K, 
the 42% increase in field being attributed to the N-induced 
increase in Curie temperature of about 200 K. Subsequent 
low-temperature (12 K) 57 Fe Mossbauer studies by Ryan 
et al. 26 gave (B M ) values of 29.0 and 33.4 T for Nd 3 (Fe,Ti) 29 
and Nd 3 (Fe,Ti) 29 N 4 . 5 , respectively. The (£ hf ) values of 
Nd 3 (Fe,Ti) 29 H 61 are 30.2 and 26.4 T at 12 and 295 K, 
respectively. 26 Given the large number of Fe sites in the 


Nd 3 (Fe,Ti) 29 structure (15 sites) and the effects of site occu¬ 
pation by TI in Nd 3 (Fe,Ti) 29 , one can only deduce the aver¬ 
age hyperfine parameters from the Mossbauer spectra, with 
any certainty. In Fig. 6 we show the 57 Fe Mossbauer spectra 
of Nd 3 (Fe,Ti) 29 and Nd 3 (Fe,Ti) 29 N 4 5 obtained at 12 K with a 
57 CoRh source. 

Interestingly, a comparison of (B h{ ) of Nd 3 (Fe,Ti) 29 at 12 
and 295 K (Ref. 26) with saturation magnetization results 22 
suggests that the low-temperature magnetic structure of 
Nd 3 (Fe,Ti) 29 is noncollinear (Cadogan et al. 23 ). 
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Structural and magnetic properties of R 3 (Fe,T ) 29 compounds 

C. D. Fuerst, F. E. Pinkerton, and J. F. Herbst 

Physics Department, General Motors NAO Research and Development Center, 30500 Mound Road, 

Warren, Michigan 48090-9055 

We report the formation of several members of the recently discovered class of R 3 (Fe,T ) 2 9 
compounds and some of their intrinsic properties. Focusing on materials with T=Ti and Cr, we 
have prepared R 3 (Fe,'H ) 2 9 (R=Ce, Pr, Nd, Sm) and R 3 (Fe,Cr ) 29 (R=Ce, Nd, Sm) compounds which 
all feature the novel monoclinic crystal structure first established for Nd 3 (Fe,Ti) 29 . In each of the Ti- 
and Cr-containing groups the Ce member has the smallest magnetization, Curie temperature, and 
unit cell, suggesting that the Ce ion is tetravalent, or nearly so, in this family of materials. We 
observed no evidence of R 3 (Fe,Ti ) 29 phase formation for R=Y, Gd, Dy, and Er. Our magnetization 
measurements indicate that only Nd 3 (Fe,Ti ) 29 and Nd 3 (Fe,Cr ) 29 exhibit spin reorientations, at 
temperatures of 235 and 145 K, respectively. 


I. INTRODUCTION 

A new class of rare earth-iron (R-Fe) compounds stabi¬ 
lized by a third element (T) has recently been discovered to 
form. The class was recognized initially as having the 
R 2 (Fe,T ) 19 stoichiometry, with Nd 2 (Fe,Ti ) 19 (Refs. 1-3), and 
Nd 2 (Fe,Cr)i 9 , Nd 2 (Fe,Mn)i 9 (Ref. 3) as representatives; al¬ 
loys of nominal composition R 2 (Fe 0 91 V 0 09 ) 1-7 are also likely 
members . 4 Its prototypical lattice symmetry was identified as 
monoclinic and was found to correspond to the P2 x !c space 
group (No. 14 of Ref. 5 ). 3 Structural investigations of the 
Nd-Fe-Ti phase by neutron 6 as well as x-ray 7 powder diffrac¬ 
tion have since established that the precise stoichiometry is 
R 3 (Fe,T) 29 . Here we report the preparation and characteriza¬ 
tion of several other members of this fascinating class of 
compounds, including two Ce-based representatives: 
R 3 (Fe,Ti ) 29 (R-Ce, Pr, Nd, Sm) and R 3 (Fe,Cr ) 29 (R=Ce, 
Nd, Sm). 

II. SAMPLE PREPARATION AND PHASE FORMATION 

Ingots for this inquiry were prepared by induction melt¬ 
ing high-purity elemental constituents in boron nitride cru¬ 
cibles. Our starting compositions contained 2%-10% excess 
rare earth relative to the R 3 (Fe,T ) 29 stoichiometry. The ingots 
were heat treated in vacuum for periods between five days 
and three weeks at various temperatures T A to maximize the 
amount of R 3 (Fe,T ) 29 component. For the T=Ti (Cr) mate¬ 
rials an anneal temperature T A = 1100 °C (1000 °C) was most 
appropriate, with the exception of Ce 3 (Fe,Ti ) 29 and 
Ce 3 (Fe,Cr) 2 9 , both of which required a much lower T A of 
900 °C. Phase occurrences were monitored by x-ray diffrac¬ 
tion and electron beam microprobe analyses. The latter indi¬ 
cated (i) a rare earth concentration of 9.4±0.1 at. % for the 
principal phase, in excellent agreement with the R 3 (Fe,T ) 29 
stoichiometry, and (ii) the values of x given in Table I for the 
specific R 3 Fe 29 _ x T t compositions. 

The heat-treated (R=Ce, Pr, Nd; T=Ti) materials were 
essentially single-phase R 3 (Fe,Ti) 29 . To illustrate this point 
with a representative example, Fig. 1 compares the Cu -K a 
x-ray powder diffraction pattern of Pr 3 Fe 275 Ti , 5 with a pat¬ 
tern calculated for that compound using the sites and nuclear 
position parameters obtained by Hu and Yelon 6 for 
Nd 3 (Fe,Ti) 29 . In the other samples contaminant phases de¬ 


tected by the electron microprobe analyses included 
R(Fe,T) 12 , R 2 (Fe,T) 17 , R(Fe,T) 2 , and a-Fe admixed with the 
element T. Figure 2 compares the observed Cu-AT„ x-ray 
spectra of the annealed Ce-Fe-Ti and Ce-Fe-Cr ingots. The 
former [Fig. 2(a)] is essentially single-phase Ce 3 Fe 274 Ti 16 , 
while the analytical results indicate that the latter [Fig. 2(b)] 
contains, in addition to the principal Ce 3 Fe 249 Cr 4 i phase, 
minor amounts of CeFe 99 Cr 2-1 , Fe 08 Cr 02 , and CeFe 19 Cr 01 . 

In our opinion the R 3 (Fe,T ) 29 phases are “high tempera¬ 
ture” materials in the sense that they are not thermodynami¬ 
cally stable at room temperature. Put another way, they crys¬ 
tallize only at temperatures above some minimum value. To 
test this conjecture we heat treated an as-cast Sm 3 3 Fe 27 s Ti t 5 
ingot for five days at 900 °C [well below 7^ = 1100 °C found 
to yield material chiefly composed of monociinic 


TABLE I. Crystallographic and magnetic properties of R 3 Fe 2 9_ i T I com¬ 
pounds. The monoclinic lattice parameters are a, b, c, and /3; the unit cell 
volume is V=abc sin /?; p is the density derived from the lattice constants; 
T c is the Cline temperature; and 4ttM, is the saturation magnetization. 


R 

Ce 

Pr 

Nd 

Sm 

T 

Ti 

Ti 

Ti 

Ti 

X 

1.6 

1.5 

1.6 

1.2 

a (A) 

10.56 

10.64 

10.65 

10.63 

b (A) 

8.49 

8.63 

8.59 

8.57 

c (A) 

9.68 

9.76 

9.75 

9.72 

P 

96.7° 

97.1° 

96.9° 

97.0° 

v(A 3 ) 

p (g/cm 3 ) 

862 

890 

886 

878 

7.81 

7.58 

7.65 

7.79 

T c { K) 

322 

393 

419 

469 

4ttM,(5 K) (kG) 

12.7 

15.9 

15.4 

13.7 

4irAf s (295 K) (kG) 

8.5 

11.9 

11.8 

12.0 

R 

Ce 

Nd 

Sm 


T 

Cr 

Cr 

Cr 


X 

4.1 

4.4 

4.5 


a (A) 

10.53 

10.59 

10.56 


b( A) 

8.45 

8.56 

8.51 


c (A) 

9.63 

9.71 

9.68 


P 

96.8° 

96.9° 

96.9° 


v(A 3 ) 

P (g/f-m 3 ) 

851 

873 

864 


7.90 

7.74 

7.90 


T c (K) 

296 

410 

423 


4ttA/j( 5 K) (kG) 

9.7 

12.1 

10.4 


4rrM,(295 K) (kG) 


9.2 

8.4 



6144 J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8971/94/76(10)/6144/3/$6.00 


© ia94 American Institute of Physics 






20 25 30 35 40 45 50 

20 (deg) 


FIG. I. (a) Cu-K a x-ray powder diffraction pattern observed for 
Pro'll, 5 . (b) Pattern calculated for Pr 3 Fe 273 Ti, 5 using crystallographic 
information from Ref. 6 and lattice constants (see Table I) inferred from (a). 


Sm 3 (Fe,Ti) 2 9 ]. The x-ray pattern of the T A =900 °C sample 
closely resembles a pattern calculated for SmFe 7 having the 
rhombohedral ThFe 4 Co 4 -type defect structure, 8,9 which, 
judging from the similarity of their x-ray signatures, is re¬ 
lated to the rhombohedral Th 2 Zn l7 -type structure character¬ 
izing Sm 2 Fe 17 . 

Using compositions and anneal schedules similar to 
those employed for the materials of Table I we attempted to 
form R 3 (Fe,Ti) 29 compounds with R=Y, Gd, Dy, and Er. All 
these samples, however, consisted primarily of material hav¬ 
ing the hexagonal Th 2 Ni l9 -type structure. 10,11 We surmise 
that monoclinic R 3 (Fe,Ti) 29 does not form for Y and the 
heavy rare earths, for which a hexagonal Th 2 Ni 19 type [or 
hexagonal Th 2 Ni 17 type for slightly lower (Fe+Ti):R ratios] 
is the stable low temperature phase. Apparently monoclinic 
R 3 (Fe,Ti) 29 can be formed only when the equilibrium room 
temperature phase has a rhombohedral structure of the 
ThFe 4 Co 4 or Th 2 Zn 17 variety. 

It is doubtful that R 3 (Co,Ti) 29 compounds occur, at least 
for the light rare earths, A Nd-Co-Ti ingot annealed at 
1000 °C principally contained Th 2 Zn J7 -type material. 

III. RESULTS AND DISCUSSION 

Crystallographic and magnetic information on the 
R 3 (Fe,T) 29 compounds investigated here is summarized in 
Table I. The lattice parameters a, b, c, and f3 (corresponding 
to the second monoclinic set t; ng, /3#90°) were inferred from 
the x-ray diagrams. The lanthanide contraction is evident 
from the decrease of a, b, and c as the atomic number of the 



20 25 au 35 40 45 50 
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FIG. 2. Observed Cu-K„ x-ray powder diagrams for (a) CejFc 274 Ti, 6 and 
(b) Ce 3 Fe 24 ,Cr 4 ( . 


rare earth constituent increases from Pr to Sm. The largest 
decline with R atomic number is shown by b, analogous to 
the larger decline of c in the tetragonal R 2 Fe 14 B series (cf. 
Ref. 12). The common behavior likely reflects the fact that 
the R ions in R 3 (Fe,T) 29 [R 2 Fe 14 B] reside in planes normal to 
the b direction 6,7 [c direction]. Through the R 2 Fe 14 B series 
the basal plane cell constant a is confined to a narrow range 
by the particularly stable trigonal prisms of the 
Nd 2 Fe ]4 B-type structure, 12 and we speculate that local 
atomic coordination effects restrict, in a similar way, the 
variation of a and c with R in the R 3 (Fe,T) 29 series. 

We determined Curie temperatures (T c ) by differential 
scanning calorimetry, and magnetization measurements were 
performed from 5 to 295 K with a vibrating sample magne¬ 
tometer using a maximum applied field of 9 T. Values of T c 
and the saturation magnetization (4 ttM s ) at 5 and 295 K are 
included in Table I. 13 For both the T=Ti and T=Cr groups 
T c and 4ttM s (5 K) are lowest for the Ce member, as is the 
(room temperature) unit cell volume V. Together these facts 
strongly suggest that the Ce ion is essentially tetravalent (i.e., 
has no 4/-derived magnetic moment) in the R 3 (Fe,T) 29 class 
of compounds. 

If we assume that the Ce moment is zero, the 4 irM s {5 
K) values for Ce 3 Fe 27 . 4 Ti 16 and Ce 3 Fe 24 . 9 Cr 4 , imply average 
Fe moments of ~ 1.7 and ~1.4 n B for the Ti and Cr materi¬ 
als, respectively. These average Fe moments together with 
the 4itM s (5 K) results for the other compounds indicate that 
the R moments are near their free ion values. Magnetization 
versus temperature measurements in a small applied field, 1 
kOe, revealed spin reorientations of the easy magnetization 
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FIG. 3. Curie temperatures T c of Rj(Fe,Ti) M (•) and R(Fc,Ti) 12 (♦) com¬ 
pounds vs G' n . The curves are specified by Eqs. (l)-(3) for the R=Pr, Nd, 
and Sm compounds of each series with the parameters given in the text. 


direction at T s s 235 K in Nd 3 Fe 274 Ti 16 and 145 K in 
Nd 3 Fe 24 6 Cr 4 4 , but in none of the other compounds in Table 
I. Our r 5 (Nd 3 Fe 27 4 Ti, 6 ) agrees well with the measurements 
of Cadogan et a/. 14 The slightly larger low-temperature mag¬ 
netization of Pr 3 Fe 275 Ti 15 as compared with that of 
Nd 3 Fe 274 Ti ) 6 may reflect a noncollinear moment arrange¬ 
ment in the latter below T s . 

As is often the case for rare earth-transition metal series, 
T c is an increasing function of the effective rare earth spin, 
gauged by G U2 where G=(g-l) 2 J(J +1) is the de Gennes 
factor for an R ion having gyromagnetic ratio g and total 
angular momentum quantum number J. This is shown for the 
T=Ti compounds by the filled circles of Fig. 3, which dis¬ 
plays T c vs. G m . Ascribing the magnetism to Fe-Fe and 
R-Fe exchange interactions and neglecting R-R exchange, 
we can write T C (G) in the nearest-neighbor, mean-field ap¬ 
proximation of the two-sublattice Heisenberg model, which 
is used widely in analyzing systematic T c behavior in rare 
earth-transition metal compound series, as 

T C (G) = iZc(0)( 1 + x/l + yG), (1) 

where 

3^b^c(0) = ^fpSf(^f + 1)7ff (2) 

and 

- a ( 1 (j RF V 

7 4 \ Zp F J Sf(s F +i) [in! ' ( ) 

Here Z AB is the number of B neighbors of atom A (A,B=R 
or Fe), S F the Fe spin, and the exchange interaction 
energy of the A and B spins. A negative ; RF implies ferro¬ 
magnetic coupling of light R and Fe moments and antiferro¬ 


magnetic coupling of heavy R and Fe moments. From the 
work of Hu and Yelon 6 we estimate Zpp=10, Z FR =2, and 
Z rf = 18, and we take S F =1 since the average Fe moment is 
~2 n B and the corresponding g factor can be expected to be 
near 2. A least-squares fit of Eqs. (l)-(3) to the Curie tem¬ 
peratures of the (R=Pr, Nd, Sm; T=Ti) compounds, in 
which the R ion is presumably trivalent, yields meV 

and j RF = —1.5 meV. The fit generates the lower curve in Fig. 
3 and provides excellent accommodation of the experimental 
results; the departure of r c (Ce 3 Fe 274 Tij 6 )=322 K from the 
trend underscores the likelihood that Ce is tetravalent. For 
comparison purposes Fig. 3 also displays T c values (dia¬ 
monds) for the cognate R(Fe,Ti)i 2 compounds. 15,16 A corre¬ 
sponding fit to them (the same estimates for Z AB and S F can 
be used) 15 yields j pp=3.3 meV and j rf =- 1.4 meV and is 
shown by the upper curve in Fig. 3. The stronger Fe-Fe ex¬ 
change is responsible for the fact that the R(Fe,Ti) 12 Curie 
temperatures are 120-170 K higher than those of their 
R 3 (Fe,Ti) 29 counterparts. 
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Magnetic and crystal structure of the novel compound Nd 3 Fe 29 - x Ti x 

Z. Hu and W. B. Yelon 

University of Missouri Research Reactor, Columbia, Missouri 65211 

The structure of the compound previously reported as Nd 2 Fe 19 _ x Ti x has been solved by powder 
neutron diffraction, which reveals a monoclinic cell and a stoichiometry of Nd 3 Fe 29 _^Ti x 
(*=1,24) and two formula units per unit cell. This low symmetry, and the large number of 
crystallographically unique sites (17), lead to a wide range of Fe—Fe bond lengths (from 2.36 to 
3.01 A) in a nearly continuous band. The phase forms through the replacement of two-fifths of the 
rare earths in the RFe 5 phase by Fe-Fe dumbbells. The magnetic moments at room temperature lie 
along the monoclinic a axis with an average iron moment of 1.05 /i B , while the magnetic moments 
at 12.5 K lie in the a-b plane with an average iron moment of about 1.36 /m b . 


I. INTRODUCTION 

Binary rare-earth (R)-Iron (Fe) compounds are unsuit¬ 
able for permanent magnet application due to their low Curie 
points. Nd 2 Fe 14 B, nitrides and carbides of R 2 Fei 7 and 
RFe 12 _ x T*, where T is a transition element, 1-3 and pseudo¬ 
binary compounds such as R 2 Fe 17 _ x T x , where T is Si, Al, or 
Ga, have significantly enhanced Curie points compared to 
the parent binary phases. 4-6 Studies of these materials have 
recently led to the discovery of a new pseudobinary phase, 
first identified as R 2 Fe l7 _/T* with a structure different from 
the well known Th 2 Zn 17 and Th 2 Ni 17 types, 7,8 then identified 
as R 2 Fei 9 _ x T/ -n and which has now been shown to have 
stoichiometry R 3 Fe 29 _ t T x . 12,13 This compound was origi¬ 
nally formed with T=Ti at about 6% Fe/Ti replacement and 
has also been shown to form at higher replacement levels 
with Cr and Mn. 9 In attempting to form doubly-substituted 
RFe 12 _ x T x , this phase was also formed with a V+Al 
replacement. 14 The monoclinic cell of this new phase is re¬ 
lated to the CaCu 5 structure, and an approximate x-ray struc¬ 
ture determination, based on the idealized positions of the 
CaCu 5 structure, was recently reported. 12 At the same time, 
powder neutron diffraction was used for an exact solution in 
which the magnetic moments at room temperature were also 
reported. 13 In this article the neutron diffraction results are 
extended to low temperature, further structural details are 
reported, and the results for R 3 Fe 29 _ x T x are compared to 
those of Ti substituted Nd 2 Fe 17 and NdFe 12 . These three dif¬ 
ferent phases can be considered as modifications of the 
CaCu 5 structure with differing degrees of Fe-Fe dumbbul 
replacement of some of the rare earths. 


II. RESULTS 

The room-temperature and 12.5-K results of the neutron 
diffraction analysis of Nd 3 Fe 27 , 76 Ti U4 are given in Table I. 
The structure adapted from Ref. 13 is shown in Fig. 1. The 
layered structure is apparent from the figure in which only 
the shortest bonds (<2.4 A) are shown. Although not con¬ 
strained by symmetry, all of the Fe/Ti and Nd atoms in the 
first layer lie within 0.06 A of the y = 0 plane. In t'ne second 
layer, which contains only Fe/Ti atoms, most are found very 
close to y = The atoms that deviate from this are clearly 
visible in the figure and are displaced due to the presence of 
Nd atoms nearly directly above or below them. The arrange¬ 


ment of the Fe/Ti atoms in this layer forms a nearly perfect 
hexagonal grid. As previously discussed, both the stacking of 
layers with and without rare earth, and the hexagonal ar¬ 
rangement, are also seen in R 2 Fe 14 B. 15 Other projections of 
the R 3 iFe/Ti) 29 structure show planes of atoms, although 
none so clearly as seen in this direction. This is a reflection 
of the relatively close-packed nature of the structure. 

Table I also gives the coordinates used in the x-ray 
study. 12 Relatively few of these were refined, but the gener¬ 
ally good agreement between these two sets of coordinates is 
an indication of the small deviation of this structure from the 
parent structure from which it is derived. It is easy to see that 
the R 2 Fe 17 structure is derived from the RT 5 structure 
(CaCuj) by replacement of one-third of the rare earths by 
Fe-Fe pairs. It has been pointed out that the RFe ]2 structure 
can be formed from the same parent by replacement of one- 
half of the rare earths by the Fe-Fe dumbbells. The new 
compound, R 3 (Fe/T) 29 , is produced in the same fashion by 
replacement of two-fifths of the rare earths. This appears to 
be entirely regular and leads to the stoichiometric compound 
observed here. In Nd 2 Fe 17 , the dumbbell is clearly visible 
and the Fe—Fe bond length is unusually small—2.36 A. In 
RFe] 2 , the dumbbells are less apparent, but it is important to 
note that this compound contains at least one T atom per unit 
cell and is thus expanded with respect to the idealized, but 
nonexistent pure Fe phase. 

Because of the low symmetry and the large number of 
Fe sites, there are many more distinct bonding pathways in 
this compound than in either the R 2 Fe 17 - or RFe 12 -type struc¬ 
tures. The minimum bond length is 2.36 A, as is seen in 
Nd 2 Fei 7 , but it is less separated from the other bonds, which 
form a continuous band up to at least 3 A. The longest bonds 
are associated with the 14 coordinated Fe atoms shown in 
Table I, but similar 14-fold coordination is also seen in the 
R 2 Fe l7 and RFe 12 structures. The Fe atoms have from one to 
three Nd neighbors, but the Ti atoms are found only at the 
three sites with a single Nd neighbor. Neutron diffraction 
data for Nd 2 Fe 1607 Tio 93 and NdFe 10 Q Ti u were also collected 
and analyzed, and the same Ti environment was observed in 
these compounds. 

The range of bond lengths around each site and the av¬ 
erage bond lengths are given in Table II for Nd 3 Fe 27 76 Tij 24 , 
Nd 2 Fej6 o 7 Ti{) 93 , and NdFe^Ti, ,. This table excludes 
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TABLE I. Refinement results for NdjFe^sTi, 24 ; space group: P21/C; cell volume=889.00 A 3 . 



I . 


Neutron 



X ray b 


Neutron 

Ti% 

Neutron 

coord. 

Neutron 
295 K 
(/um) 

Neutron 
12.5 K 

(m) 


Atom, site 

X 

y 

z 

X 

y 

z 

i 

» 

Nd, 2 a 

0 

0 

0 

0 

0 

0 



1.8(1) 

2.2(2) 

* 

Nd, 4e 

0.402(1) 

0.007(2) 

0.815(6) 

0.408 

0 

0.81 


19Fe 


1.4(1) 

! 

Fe, 2d 

0.5 

0 

0.5 

0.5 

0 

0.5 


10Fe+2Nd 

1.1(1) 

1.2(2) 


Fe, 4el 

0.110(1) 

0.001(1) 

0.722(1) 

0.1063 

0 

0.7127 


10Fe+2Nd 

1.5(1) 

1.5(2) 


Fe, 4e2 

0.291(1) 

0.002(2) 

0.094(1) 

0.2937 

0 

0.0875 


9Fe+3Nd 

1.2(1) 

1.4(2) 

! 

(Fe/Ti), 4e3 

0.257(1) 

-0.002(2) 

0.526(1) 

0.2552 

0 

0.5104 

30.50 

13Fe+lNd 

1.5(2) 

1.8(2) 

(Fe/Ti), 4e4 

0.137(1) 

0.001(3) 

0.292(1) 

0.1448 

0 

0.2896 

21.40 

13Fe+lNd 

1.3(1) 

1.8(2) 

! 

Fe, 4e5 

0.632(1) 

0.143(1) 

0.681(1) 

0.6376 

0.1401 

0.6812 


10Fe+2Nd 

0.8* 

1.2(2) 


Fe, 4e6 

0.806(1) 

0.225(1) 

0.088(1) 

0.8 

0.2147 

0.1 


10Fc+2Nd 

1.2(1) 

1.5(1) 

1 

Fe, 4e7 

0.597(1) 

0.243(1) 

0.433(1) 

0.6034 

0.25 

0.4535 


9Fe+3Nd 

0.6’ 

1.1(2) 

Fe, 4e8 

-0.004(1) 

0.247(2) 

0.257(1) 

0 

0.25 

0.25 


10Fc+2Nd 

0.6(1) 

1.1(3) 

1 

1 

i 

Fe, 4e9 

0.406(1) 

0.247(1) 

0.062(1) 

0.4195 

0.25 

0.0891 


9Fe+3Nd 

0.7’ 

1.2(3) 

Fe, 4el0 

0.802(1) 

0.248(1) 

0.847(1) 

0.8 

0.25 

0.85 


10Fe+2Nd 

0.2(2) 

0.8(3) 

Fe, 4ell 

0.197(1) 

0.257(1) 

0.161(1) 

0.2 

0.25 

0.15 


10Fe+2Nd 

1.2(1) 

1.6(2) 

I 

Fe, 4el2 

0.204(1) 

0.293(1) 

0.410(1) 

0.2 

0.2853 

0.4 


10Fe+2Nd 

0.9(1) 

1.0(1) 


Fe, 4el3 

0.376(1) 

0.355(1) 

0.812(1) 

0.3624 

0.3599 

0.8188 


10Fe+2Nd 

1.0(1) 

1.4(2) 

i 

» 

(Fe/Ti), 4el4 

0.005(1) 

0.356(1) 

0.004(2) 

0.0067 

0.3542 

-0.0034 

10.30 

13Fe+lNd 

1.1(1) 

1.4(2) 




Cell parameters and agreement factors of neutron 

and x-ray diffraction results 



i 


<t, A 


b, A 

c, A 

P 


R P 

^ wp 

Rmig 

y 2 


Neutron 295 K 

10.6628(2) 

8.6056(2) 

9,7610(2) 

96.996(1) 

3.61% 

4.74% 

5.95% 

1.69 

Neutron 12.5 K 

10.6486(2) 

8.6050(2) 

9.7660(2) 

96.833(1) 

3.92% 

5.23% 

6.05% 

2.04 

X-ray h 

10.6258 

8.5814 

9.7282 

96.89 

13.20% 

16.10% 




'Moment unstable when refined—constrained to the average. 

“"X-ray data cited from Ref. 10 and transformed to the comparable coordinates. 


Fe—Fe bonds over 2.8 A that are assumed to contribute little 
or no magnetic energy. As already discussed, the Nd 2 Fe 17 
parent has a short 2.36-A bond. In the Ti-substituted com¬ 
pound, however, this bond has expanded to 2.47 A due to the 
strong preference for the dumbbell Fe site by the larger Ti 
atom. The high symmetry of the RFe 12 phase produces two 
groups of bonds, long and short, with a gap between. The 
other two compounds have a broader distribution. Table III 



© Nd 4) Fe, 4el0 3 Fe, 4e8 ® Fe 


FIG. 1. Monochnic unit cell of NdjFe^./n,, with the B axis up. The layers 
with y = 1/4, 1/2, and 3/4 are drawn as well as the Fe—Fe bonds under 
2.4 A. 


gives the overall average bond lengths for these three 
samples (and Nd 2 Fe n ) as well as their Curie points. For 
Nd 3 Fe 27 76 Tij 24 , two values are given, including bond 
lengths to 2.8 and 2.99 A. The dependence of the Curie point 
on bond length in other NdFe compounds 16 has previously j 

been noted and a similar relationship is observed here if one 
does not include the very long Fe—Fe bonds, which obvi¬ 
ously contribute little to the magnetic exchange energy. ; 


TABLE 11. Site bond length range and average bond length. 



Nd2Fe 160J Ti 097 



Nd 3 Fe 2776 Ti )24 


Site 

BLR 

ABL 

Site 

BLR 

ABL 

Fe, 6 c 

2.4748-2.7998 

2.7001 

Fe, 2d 

2.4443-2.6272 

2.5040 

Fe, 9 d 

2.4568-2.6278 

2.4994 

Fe, 4el 

2.4016-2.7278 

2.5694 

Fe, 18/ 

2.4569-2.7998 

2.5991 

Fe, 4e2 

2.4567-2.7098 

2.5567 

Fe, 18/i 

2.4778-2.6628 

2.5636 

Fe, 4e3 

2.4629-2.7687 

2.6198 




Fe, 4e4 

2.4629-2.7779 

2.6624 




Fe, 4e5 

2.3795-2.7705 

2.5947 


NdFe^Tii j 


Fe, 4e6 

2.3575-2.6845 

2.5550 

Site 

BLR 

ABL 

Fe, 4e7 

2.4059-2.7400 

2.5527 

Fe, 8i 

2.4723-2.7464 

2.6014 

Fe, 4e8 

2.3808-2.6526 

2.5222 

Fe, 8 j 

2.4935-2.6692 

2.6247 

Fe, 4e9 

2.4654 -2.7705 

2.5790 

Fe, 8k 

2.4011-2.6242 

2.5188 

Fe, 4e'10 

2.3575-2.7779 

2.5005 




Fe, 4ell 

2.4045-2.6878 

2.5256 

BLR=bond length range 


Fe, 4el2 

2.4679-2.7850 

2.5907 

ABL=average bond length 


Fe, 4el3 

2.4586-2.6747 

2.5464 




Fe, 4el4 

2.3803-2.7957 

2.6271 


I 
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TABLE III. The overall average bond length (OABL) and Curie tem¬ 
perature. 


Compound 

OABL 

T c ( K) 

Comments 

Nd 2 Fe j 6 o^Tiq 97 

2.5811 

383 


NdFcjftoTii 1 

2.5814 

530 


Nd 2 Fe 17 

2.5801 

330 

no bond> 2.8 A 
no bond>2.99 A 

Nd 3 Fe 27 7 6 Ti U 4 

2.5801 

2.5929 

361 


fhe magnetic moments are also given in Table I. For 
Nd 3 Fe 2776 Ti 124 at room temperature, the Fe moment refine¬ 
ments were unstable on a few sites, oscillating about rela¬ 
tively small values. These were constrained to their average, 
while the others were allowed to refine freely. The overall 
average site moments of Nc^Fe^fiTij 24 , Nd 2 Fe 16 o 7 Ti 0 93 , 
and NdFe 109 Ti u at room temperature are 1.05, 1.95, and 
2.36 fi B , respectively. The moments of Nd 3 Fe 27 76 Ti x 24 are 
found to lie along the a axis. The moments of 
Nd 2 Fe J6 07 Ti 0 93 are found to lie perfectly in the basal plane, 
while the moments of NdFe^ ^ 3 are found to lie perfectly 
along the c axis . 17 The Fe and Nd atoms couple ferromag- 
netically in all three compounds, suggesting that the reported 
enhancement in the Curie point through interstitial substitu¬ 
tion could lead to highly desirable properties due to their 
high Nd:Fe ratio. For Nd 3 Fe 27 , 7 6 Ti 124 at 12.5 K, the easy 
direction is found to be changed from the a axis at room 
temperature to the a-b plane at 12.5 K. It was found that the 
component ratio, fi x //u. y , on all sites is close to 0.6 when 
every component was refined independently. Then a con¬ 
straint was made to keep all site moments in the same direc¬ 
tion and with a component ratio of 0.6. The amplitudes of the 
site moments at 12.5 K given in the last column of Table I, as 
expected, are larger than that at room temperature. The over¬ 
all average iron site moment of Nd 3 Fe 27 76 Ti 12 4 at 12.5 K is 
1.36/i B . This low value may be due to the fact that nearly all 
sites have at least some very short (<2.45 A), presumably 
antiferromagnetic, bonds. It is particularly interesting to note 
that one Fe site, 4el0, has three short bonds and refines with 
the smallest moment at both temperatures. A second site, 
4e8, has two such bonds and has the second smallest mo¬ 
ment at room temperature, which remains small at 12.5 K. In 
contrast, Fe4 and Fe5 have the largest 12.5-K moments, av¬ 
erage bond lengths over 2.6 A, and no short bonds. 

III. CONCLUSIONS 

The new pseudobinary rare earth-iron phase, 
Nd 3 Fe 2 7 . 76 Ti! 24 , was studied by neutron diffraction and com¬ 
pared with Ti-substituted Nd 2 Fe 17 and NdFe 12 compounds. 


The structures of all those three compounds are related to the 
structure of RT S , with differing degrees of Fe-Fe dumbbell 
replacement of the rare earth. The ’ll atoms were found to 
occupy those sites with a single Nd neighbor in all three 
compounds. A dependence of the Curie points on bond 
length similar to other NdFe compounds was observed. The 
Nd sublattice couples ferromagnetically to the Fe sublattice 
in all three compounds with different easy directions, that is, 
a axis for Nd 3 Fe 2776 Ti ]24 , basal plane for Nd 2 Fe 1603 Ti 097 , 
and c axis for NdFe^Tij j, respectively. An easy direction 
change, from the a axis to a-b plane, for Nd 3 Fe 27 76 Ti! 24 was 
observed when the temperature was lowered from 295 to 
12.5 K. 
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Magnetic properties of interstitiaily modified Nd 3 (Fe,Ti)2gX y compounds 
(X=H, C, and N) 

D. H. Ryan and J. M. Cadogan a) 

Centre for the Physics of Materials and Department of Physics, McGill University, 3600 University Street, 

Montreal, Quebec H3A 2T8, Canada 

A. Margarian 

Department of Applied Physics, University of Technology, Sydney NSW 2007 and CSIRO Division of 
Applied Physics, Lindfield NSW 2070, Australia 

J. B. Dunlop 

CSIRO Division of Applied Physics, Lindfield NSW 2070, Australia 

The effects of light atom intercalation on the magnetic properties of the monoclinic compound 
Nd 3 (Fe,Ti ) 2 9 have been studied by Mossbauer spectroscopy and thermogravimetric analysis. 

Maximum contents of 4 nitrogen atoms and 6 hydrogen atoms per formula unit have been achieved, 
consistent with structural calculations. The associated lattice expansion ranges from 2% in the 
hydride to 6.5% in the nitride. Attempts to introduce carbon were unsuccessful as the material 
decomposed rapidly during the reaction. Both hydrogen and nitrogen additions lead to substantial 
increases in the magnetic ordering temperature, but only the nitrogen leads to an increase in the iron 
moment. 


I. INTRODUCTION 

The search for high-performance magnetic materials, 
which was revived by the discovery of the R 2 Fe 14 B system, 
has been expanded greatly by the observation that significant 
improvements can be obtained through the intercalation of 
alloys by a variety of light atoms. Often this intercalation 
process can be used to transform otherwise useless materials 
into highly promising permanent magnet candidates. The 
most striking examples of this are the R 2 Fe 17 alloys, which 
have ordering temperatures only slightly above room tem¬ 
perature, but the addition of either carbon or nitrogen by 
gas-phase reaction leads to a greatly enhanced T c and, in the 
case of the Sm alloy, substantial uniaxial anisotropy. 1 

In 1992, Collocott et al. reported the existence of a new, 
iron-rich, phase in the Nd-Fe-Ti phase diagram. 2 Subsequent 
x-ray 3 and neutron 4 diffraction measurements showed that 
the alloy structure belonged to the monoclinic P2j/c space 
group, and that the correct stoichiometry was Nd 3 (Fe,Ti) 29 . 
The composition lies between the tetragonal Nd(Fe,Ti) 12 and 
rhombohedral Nd 2 (Fe,Ti) 17 phases, and the 3-29 structure 
can be viewed as an alternating stack of these 1-12 and 2-17 
units. 3 The magnetic ordering temperatures of the 3-29 com¬ 
pounds are in the range 411-486 K, 5 Previous work has 
shown that this phase absorbs nitrogen readily, exhibiting 
large increases in both T c and magnetization. 6 

In this paper we report a more extensive study of the 
effects of H, C, and N interstitial modification on the mag¬ 
netic properties of Nd 3 (Fe,Ti) 29 . 

II. EXPERIMENTAL METHODS 

Nd 3 (Fe,Ti) 29 samples were prepared by arc melting ap¬ 
propriate amounts of 99.9% purity Nd, Ti, and Fe under Ti- 
gettered argon. Single-phased alloys were obtained by an¬ 


*’On leave from School of Physics, University of New South Wales, Sydney 
NSW 2052, Australia. 


nealing at 1373 K for 72 h under argon in sealed quartz 
tubes, followed by water quenching. Structural measure¬ 
ments were made using Cu-K a radiation on an automated 
Nicolet-Stoe diffractometer. Ordering temperatures were de¬ 
termined on a Perkin-Elmer TGA-7 by recording the appar¬ 
ent mass as a function of temperature in a small field gradi¬ 
ent. S7 Fe Mossbauer spectra were obtained on a conventional 
constant acceleration spectrometer using a 25-mCi 57 CoRh 
source. Low-temperature spectra were obtained using a 
vibration-isolated closed-cycle He fridge. Calibration and 
isomer shifts are referred to a-Fe at room temperature. The 
Nd 3 (Fe,Ti) 29 unit cell contains 6 Nd atoms on two sites, and 
58 Fe atoms distributed among 15 distinct sites, one being a 
2d and the remaining 14 being 4e sites. It is clear from the 
spectra in Figs. 1 and 2 that few of the subspectra arising 
from the 15 Fe sites are resolved, especially at room tem¬ 
perature. We have therefore fitted the spectra using the mini¬ 
mum number of subspectra needed to reproduce the most 
obvious features of the spectra. The number used varied from 
3 in the case of the as-annealed material at room tempera¬ 
ture, to 6 in the cases of the nitride and hydride at 12 K. 



FIG. 1. Room-temperature Mossbauer spectra of Nd 3 (Fe,Ti )29 as-annealed, 
and with hydrogen and nitrogen added 
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FIG. 2. Mossbauer spectra of Nd 3 (Fe,Ti ) 2 9 as-annea!ed, and with hydrogen 
and nitrogen added measured at 12 K. 


The intercalation reactions were carried out at various 
temperatures in a thermopiezic analyzer (TPA) using hydro¬ 
gen, nitrogen, and acetylene as sources of H, N, and C, re¬ 
spectively. 

III. RESULTS AND DISCUSSION 

Substantial amounts of hydrogen are absorbed readily by 
Nd 3 (Fe,Ti) 29 . Heating to 300 °C at 40 °C/min in ~1.6 bar of 
H 2 leads to a hydrogen uptake of over 6 H/formula unit 
(f.u.), with no evidence of decomposition. While the hydride 
appears stable at room temperature (no evolution of the ma¬ 
terial was apparent on the ~ 1-day timescale needed to record 
a Mossbauer spectrum), it decomposed rapidly on heating, 
making an accurate determination of T c problematic. The 
value of 548 K given in Table I represents a lower limit, the 
value obtained on re-cooling was typically 100 K lower, re¬ 
flecting a significant loss of hydrogen. The room temperature 
Mossbauer spectrum (Fig. 1) exhibits a substantially in¬ 
creased average hyperfine field; however, the measurement 
at 12 K (Fig. 2) shows this to be almost entirely due to the 
higher ordering temperature. The measured lattice expansion 
is ~2%, giving an effective volume change per hydrogen 
atom of —2.0 A 3 , close to values typical of intermetallic 
hydrides. 7 

Nitrogen also reacts easily with this alloy. Annealing for 
70 h in 1.6 bar of N 2 at 400 °C takes the reaction close to 
completion and yields nitrogen contents of —4.5 N/f.u. 
Higher apparent concentrations (—5.8 N/f.u.) can be 
achieved by annealing at higher temperatures (e.g., 500 °C); 
however, the observed ordering temperature does not in¬ 
crease, and there is evidence of a-Fe precipitation. The 6.5% 


TABLE I. Summary of magnetic and structural changes resulting from the 
addition of H, C, or N to Nd 3 (Fe,Ti) w . 


Sample 

Tc 

(K) 

<b m > 

(T) 

AV/V 

(%) 

12 K 

RT 

Nd 3 (FeH)29 

426 

29.0 

21.0 


Nd 3 (FeTt) 29 H 61 

>548 

30.2 

26.4 

2.2+0.5 

NdjtFeTi)^ 

-660 




NdjtFeTO^j 

723 

33.4 

31.0 

6.5±0 7 


TABLE II. The four largest voids in the Nd 3 (Fe,Ti) M alloy system, derived 
from an analysis of the crystal structure. The 4e 3 is assumed to be unoccu¬ 
pied as it is too small for nitrogen, and only coordinated by Fe atoms. 


Site 


Location 


Radius 

(A) 

Coordination 

Occupied 

by 

X 

y 

z 

4e, 

0.49 

0.75 

0.23 

0.64 

2-Nd 4-Fe 

HCN 

4e 2 

0.20 

0.50 

0.40 

0.59 

2-Nd 4-Fe 

HCN 

4e 3 

0.10 

0.51 

0.95 

0.45 

4-Fe 

empty( 9 ) 

4e t 

0.44 

0.23 

0.92 

0.42 

1-Nd 3-Fe 

H 


volume expansion corresponds to a volume change of —7 
A 3 /N atom, as found in the R 2 Fei 7 nitrides. 1 The Mossbauer 
spectra show a substantial increase in the hyperfine field both 
at room temperature and 12 K. Values listed in Table I are in 
close agreement with those reported earlier. 5 As in the 2-17 
and 1-12 alloys, nitriding leads to an increase both in T c and 
in the average Fe moment. 

The carbide does not form easily. Conditions appropriate 
for 1-12 or 2-17 alloys tend to lead to a disproportionation 
reaction, with the principal magnetic phases being Fe 3 C 
(possibly containing some of the Ti) and a-Fe. Even short 
duration (—30 min) anneals at temperatures between 350 and 
500 °C led to partially decomposed samples. It therefore ap¬ 
pears that in this phase, the competition from the dispropor¬ 
tionation reaction is too strong, and the carbide tends not to 
form in significant amounts. A magnetic event at -660 K is 
tentatively associated with a Nd 3 (Fe,Ti) 29 C 3 , phase; however, 
the actual carbon content is unknown. Given the mixture of 
magnetic phases present, no attempt was made to extract 
Mossbauer parameters. 

An analysis of the 3-29 structure yields only a very lim¬ 
ited number of holes large enough to accommodate intersti¬ 
tial atoms (see Table II), and all of them are 4e sites (the 2 a 
and 2d sites are occupied by Nd and Fe, respectively, and 
both the 2b and 2c sites lie inside other atoms). The two 
largest voids have radii of 0.64 and 0.59 A, and could hold 
either carbon or nitrogen atoms. Full occupancy of these 
sites by nitrogen would yield a composition of 
Nd 3 (Fe,Ti) 29 N 4 . This composition is also consistent with the 
3-29 structure being derived from alternate stacking of 1-12 
and 2-17 units, which can hold 1 and 3 nitrogen atoms, re¬ 
spectively. Our measured nitrogen content of 4.5 N/f.u. prob¬ 
ably results from a partial decomposition of the material, 
with the excess nitrogen in the form of neodymium nitride. 
The next hole is only 0.45 A in radius, far too small to accept 
either nitrogen or carbon. While this site is large enough to 
take a hydrogen atom, 7 the coordination solely by Fe atoms 
may make the environment energetically unattractive. The 
next largest site with one Nd neighbor has a radius of 0.42 A 
and is more likely to be the hydrogen location. Occupation of 
the three largest rare-earth coordinated holes by hydrogen 
gives the composition Nd 3 (Fe,Ti) 29 H 5 , as observed. 

In conclusion, adding hydrogen leads to a significant in¬ 
crease in T c , but essentially no change in the iron moment, 
whereas nitrogen leads to an increase in both parameters. 
These results are similar to those found in the 1-12 and 2-17 
rare-earth iron alloys. Attempts to make the carbide were 
unsuccessful due to a rapid disproportionation of the mate- 
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rial. An examination of the crystal structure shows that the 
hydrogen and nitrogen concentrations achieved are the maxi¬ 
mum values allowed. 
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Phase equilibria in the Fe-rich corner of the Nd-Fe-Ti ternary alloy system 
at 1100 °C 

A. Margarian 

Department of Applied Physics, University of Technology, Sydney, Broadway 2007 
and CSIRO Division of Applied Physics, Lindfield 2070, Australia 

J. B. Dunlop and R. K. Day 

CSIRO Division of Applied Physics, Lindfield 2070, Australia 

W. Kalceff 

Department of Applied Physics, University of Technology, Sydney, Broadway 2007, Australia 

High-temperature phase relations in the Fe-rich comer of the Nd-Fe-Ti ternary alloy system have 
been investigated and an equilibrium phase diagram has been constructed at 1100 °C. Arc-melted 
and annealed alloys of systematically varying compositions were characterized utilizing scanning 
electron microscopy, an energy dispersive x-ray microanalysis system (EDS), x-ray diffraction, and 
optical metallography. Three major phases have been identified, the well known Nd(Fe,Ti) 12 “1:12” 

(ThMn 12 -type stmcture) and Nd 2 (Fe,Ti) 17 “2:17” (Th 2 Zn 17 -type structure) compounds, and a phase 
with approximate composition Nd 2 (Fe,Ti) 19 “2:19.” The crystal structure of the latter phase has 
very recently been solved, and the “ideal” composition shown to be Nd 3 (Fe,Ti) 29 “3:29.” 

Quantitative EDS data has been used to identify the compositional limits for the three major phases. 

Annealing the “1:12” and “3:29” ternary phases at 900 °C results in a slow decomposition into 
Nd 2 (Fe,Ti) 17 , Fe 2 Ti, and a-Fe(Ti). 


I. INTRODUCTION 

Intensive research during the past 25 years has seen the 
emergence of many rare-earth iron transition metal interme- 
tallic compounds with technologically interesting magnetic 
properties. Nd 2 Fe 14 B has many of the properties of an ideal 
permanent magnet, such as a high-remanence, large uniaxial 
magnetocrystalline anisotropy and low cost, yet its low Curie 
temperature (310 °C) restricts its applications to tempera¬ 
tures below 150 °C. 

Nd-Fe-Ti alloys with the tetragonal ThMn 12 -type struc¬ 
ture, and especially their nitrides, have magnetic properties 
comparable to those of Nd 2 Fe 14 B and are therefore possible 
candidates for permanent magnets. In attempting to prepare 
single-phase samples of Nd(Fe,Ti) 12 , Collocott et a/. 1 found 
a second ternary compound, with nominal composition 
Nd 2 (Fe,Ti) 19 . The structure of the “2:19” phase has been 
solved from powder x-ray diffraction 2 and neutron 
diffraction 3 data, and the ideal composition shown to be 
Nd 3 (Fe,Ti) 29 . To further understand the formation and inter¬ 
relationships of phases in the Fe-rich section of the Nd-Fe-Ti 
ternary alloy system, we have carried out a systematic inves¬ 
tigation of a range of alloy compositions and constructed an 
equilibrium-phase diagram at a temperature of 1100 °C. 

II. EXPERIMENTAL PROCEDURE 

Alloys weighing 2 g were prepared from Nd, Fe, and Ti 
of >99.9% purity by argon-arc melting on a water-cooled 
copper hearth. The samples were then wrapped in tantalum 
foil, encapsulated in sealed quartz tubes under an atmosphere 
of argon gas, and annealed for 3 days at 1100 °C, followed 
by a water quench. Selected samples were also given a sec¬ 
ond annealing treatment at 900 °C for periods of 7 and 21 
days. Samples were characterized by powder x-ray diffrac¬ 
tion using Cu Ka radiation, optical metallography, and scan¬ 


ning electron microscopy (SEM) using a JEOL 35CF 
equipped with a Robinson backscatter electron detector and a 
LINK energy dispersive x-ray microanalysis system (EDS). 

III. RESULTS AND DISCUSSION 

Microstructural investigation of the alloys was carried 
out utilizing backscatter electron (BSE) imaging and x-ray 
microanalysis. Generally, backscattered electrons provide ex¬ 
cellent contrast between phases of different mean atomic 
number in a polished section of sample. In our samples, 
where there are two or more phases with similar composi¬ 
tions, BSE imaging alone does not provide sufficient contrast 
and etching with a 2% solution of nitric acid in alcohol 
(Nital) was necessary to generate topological contrast. 



FIG. 1. Fe-rich corner of the Nd-Fe-Ti phase diagram at 1100°C. (“x” 
represents annealed compositions analyzed). 
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FIG. 2. Backscattered electron image of an etched Nd 6 Fe 88 'n 6 alloy (major 
phase—1:12, depression—3:29 and dark region—Fe). 

Detailed examination of alloys in the Fe-rich comer of 
the Nd-Fe-Ti ternary alloy system at 1100 °C revealed the 
existence of two ternary phases, Nd(Fe,Ti) 12 , Nd 3 (Fe,Ti) 29 
[previously reported as Nd 2 (Fe,Ti) 19 ], and the pseudobinary 
Nd 2 (Fe,Ti) 17 phase, and allowed us to construct the ternary 
phase diagram shown in Fig. 1. Figure 2 shows a backscat¬ 
tered electron image of a Nd 6 Fe 88 Ti 6 composition (in the 
l:12+3:29+Fe phase field) annealed at 1100 °C and etched 
with Nital. The 3:29 phase (depression) could not be ob¬ 
served prior to etching. The compositional limits for all the 
major phases were determined by quantitative x-ray mi¬ 
croanalysis, although this was complicated by the strong 
overlap which exists between the Nd L and Fe K series lines. 
The Nd compositions were normalized by reference to a 
single phase sample of Nd 2 Fe 17 prepared with minimal 
weight loss (<0.1%) during arc melting and annealing. It 
was observed that the Nd content remained constant (to 
±0.2%) within each of the three major phases, with only the 
Fe:Ti ratio changing. The compositional limits for the three 
major phases are presented in Table I. 

Jang and Stadelmaier reported 4 the existence of two ter¬ 
nary phases in Nd-Fe-Ti alloys: the “1:12,” and a 
TbCu 7 -type (1:7) phase with a higher Nd content (=12 
at. %) than in the substituted binary Nd 2 (Fe,Ti) 17 , whereas 
the “3:29” reported here has a Nd content of 9.4 at. %, sig¬ 
nificantly lower than in the 2:17. Neiva et al. s have reported 
the formation of a Sm(Fe,Ti) 9 phase with a hexagonal 
TbCu 7 -type structure at 1000 °C. 

X-ray diffraction spectra of the major phases are shown 
in Fig. 3. The “1:12” [Fig. 3(c)] has the tetragonal 
ThMn 12 -type structure, which is relatively common in 
R-Fe-T systems (R=a rare-earth and T=a transition ele¬ 
ment), but does not exist as a binary RFe 12 phase except for 


TABLE I. Compositional ranges of the three major phases. 


Phase 


Composition (at. %) 

Nd 

Fe 

Ti 

Nd 2 (Fe,Ti) 17 

11.0 

balance 

0-3.8 

Nd 3 (Fe,Ti) w 

9.4 

balance 

4.0-5.1 

Nd(Fe,Ti) 12 

7.9 

balance 

6.5-8.1 



25 30 35 40 45 50 55 

28 (degrees) 


FIG. 3. X-ray diffraction spectra for the Fe-rich Nd-Fe-Ti phases: (a) 
Nd 3 (Fc,Tt) M , (b) Nd 2 (Fc,Ti) 17 , and (c) Nd(Fc,Ti) 12 (CuK„ radiation). 


the case of SmFe 12 thin films prepared by sputtering. 6,7 
Nd 2 (Fe,Ti) ]7 [Fig. 3(b)] has the rhombohedral Th 2 Zn 17 -type 
structure and exists with up to 3.8 at. % of the Fe substituted 
by Ti. 

Nd 3 (Fe,Ti) 29 [Fig. 3(a)] has a complex structure that was 
originally indexed on a 2 Xa and 4Xc superlattice of hex¬ 
agonal TbCu 7 . 1 The x-ray diffraction data has subsequently 
been reindexed on the basis of a monoclinic lattice 2,8 and 
very recently the structure was solved independently from 
powder x-ray diffraction 2 and neutron diffraction 3 data. The 
crystal structure is monoclinic (P2,/c) with lattice param¬ 
eters a=1.064 nm, b=0.859 nm, c=0.975 nm, and 
/3=96,928°, and the “ideal” composition is Nd 3 (Fe,Ti) 29 . 
Figure 4 illustrates the crystallographic relationship in the 
a-c plane between the monoclinic unit cell of Nd 3 (Fe,Ti) 29 
and the hexagonal TbCu 7 lattice. Crystallographic data for 
the three major phases can be found in Table II. The “3:29” 
phase is not restricted to the Nd-Fe-Ti system, but also exists 
in R-Fe-Ti (R=Sm, 9,10 Ce, 9 Pr, 11 and Gd 12 ) and in Nd-Fe-T 
(T=Cr, and Mn 8 ). 

Investigations into the thermal stability of Nd(Fe,Ti) 12 
and Nd 3 (Fe,Ti) 29 have shown that they are only stable at 
elevated temperatures. Annealing the compounds at a tem¬ 
perature of 900 °C results in a slow decomposition to 



FIG. 4. Crystallographic relationship in the a-c plane between the unit cell 
of monoclinic Nd 3 (Fe,Ti) 29 and the 3 Xa and 3Xc superlattice of TbCu 7 . 
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TABLE II. Crystallographic data for the three major phases. 






Lattice parameters 


Phase 

Structure 

Crystal type 

a (nm) 

b (nm) c (nm) 

/3(°) 


2:17 

rhombohedral 

Th 2 Zn 17 

0.860 


1.251 


3:29 

monoclinic 

Nd 3 (Fe,Ti) 29 

1.064 

0.859 

0.975 

96.92 

1:12 

tetragonal 

ThMn 12 

0.859 

... 

0.479 



Nd 2 (Fe,Ti)i 7 , F^Ti, and a-Fe(Ti), and this observation is in 
agreement with the findings of Jang and Stadelmaier, 4 that 
Nd(Fe,Ti)t 2 is unstable at low temperatures. Itsukaichi 
etalP also showed that mechanically alloyed Nd-Fe-Ti 
powder with the 1:12 composition does not crystallize in the 
ThMnj 2 structure after a heat treatment at 800 °C. 


IV. CONCLUSION 

We have constructed an equilibrium-phase diagram for 
the Fe-rich comer of the Nd-Fe-Ti alloy system at 1100 °C, 
and determined the composition ranges for the major phases: 
tetragonal Nd(Fe,Ti) 12 , monoclinic Nd 3 (Fe,Ti) 29 , and rhom- 
bohedral Nd 2 (Fe,Ti) 17 . Nd(Fe,Ti) 12 and Nd 3 (Fe,Ti) 29 become 
thermodynamically unstable on cooling below some tem¬ 
perature between 900 and 1000 °C. Nd(Fe,Ti) 12 , and espe¬ 
cially its nitride Nd(Fe,Ti) 12 N x , are being examined as can¬ 
didates for new permanent magnets, and this low- 
temperature instability will have profound implications on 
material processing. 


ACKNOWLEDGMENTS 

A. Margarian and J. B. Dunlop wish to thank D. Dunne 
and G. Delamore (Department of Materials Engineering, 
University of Wollongong) for helpful discussions. 

'S. J. Collocott, R. K. Day, J. B. Dunlop, and R. L. Davis, in Proceedings 
of the Seventh International Symposium on Magnetic Anisotropy and Co- 
ercivity in Rare-Earth Transition Metal Alloys, Canberra, 1992, p. 437. 

2 H.-S. Li, J. M. Cadogan, R. L. Davis, A. Margarian, and J. B. Dunlop, 
Solid State Commun. 90, 487 (1994). 

3 Z. Hu and W. B. Yelon Solid State Commun. 91, 223 (1994). 

4 T. S. Jang and H. H. Stadelmaier, J. Appl. Phys. 67, 4957 (1990). 

5 A. C. Neiva, F. P. Missel, B. Grieb, E.-T. Henig, and G. Petzow, J. Less 
Common Met. 170, 293 (1991). 

6 F. J. Cadieu, H. Hedge, A. Navarathna, R. Rani, and K. Chen, Appl. Phys. 
Lett. 59, 875 (1991). 

7 D. Wang, S. H. Liu, P. He, D. J. Scllmyer, G. C. Hadjipanayis, and Y. 
Zhang, J. Magn. Magn. Mater. 124, 62 (1991). 

8 C. D. Fuerst, F. E. Pinkerton, and J. F. Herbst, J. Magn. Magn. Mater. 129, 
LI 15 (1994). 

9 A. Margarian, J. B. Dunlop, and S. J. Collocott (unpublished results). 

10 F.-M. Yang, B. Nasunjilegal, H.-Y. Pan, J.-L. Wang, R.-W. Zhao, B.-P. Hu, 
Y.-Z. Wang, H.-S. Li, and J. M. Cadogan (unpublished). 

“H.-S. Li, Suharyana, J. M. Cadogan, G. J. Bowden, J.-M. Xu, S. X. Dou, 
and H. K. Liu, J. Appl. Phys. 75, 7120 (1994). 

12 H.-S. Li and J. M. Cadogan (unpublished results). 

13 T. Itsukaichi, M. Umemoto, I. Okane, and S. Hirosawa, J. Alloys Com¬ 
pounds 193, 262 (1993). 


J. Appl. Phys., Vol. 76, No. 10. 15 November 1994 


Margarian et al. 6155 








Magnetic properties of Sm 2 Fe 14 _ x Co x Si 2 -based quasiternary compounds 

F.-M. Yang 

Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 10080, China 

W. Gong and G. C. Hadjipanayis 

Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716-2570 

The structural and magnetic properties of the off-stoichiometric R 2 Fei 7 -type Sm 2 Fe 14 _ x Co x Si 2 
compounds with 0sS*=s7 have been investigated by x-ray diffraction, thermomagnetic analysis, and 
magnetic measurements. Substitution of Co for Fe leads to an increase in Curie temperature, 

Ar c =303 K for samples with x from 0 to 7. The saturation magnetization M s increased with 
increasing Co content at first and then decreased. A maximum saturation magnetization M s =124 
emu/g was obtained at x about 4. The anisotropy changes from planar x<4 to uniaxial *5=4 with 
H a =23 kOe for x = 7. Introduction of N leads to an increase in lattice constants causing a further 
enhancement in the Curie temperature and anisotropy field. The best properties were obtained for 
the Sm 2 Fei 0 Co 4 Si 2 N 23 compound with 7' c =742 K, H a (300 K)=175 kOe. 


I. INTRODUCTION 

Research in the field of permanent magnets intensified 
after the discovery of the R-Fe-B compounds 1,2 whose supe¬ 
rior magnetic properties led to the high performance Nd- 
Fe-B type permanent magnets 3 which are being used in a 
wide variety of applications, most notably in the computer 
industry. However, the low Curie temperature and large tem¬ 
perature coefficients of B r and H c limit the temperature 
range of applications of Nd-Fe-B magnets. Recently the 
R(FeT) 12 compounds (T=A1, Cr, Mo, Si, Ti, V, and W) with 
the ThMn 12 -type structure have been investigated 
extensively. 4,5 Recently, it has been found that 2:17-type 
rare-earth iron carbides and nitrides 4 show excellent intrinsic 
magnetic properties for permanent magnet applications. 6 A 
new type of ternary compounds with nominal composition 
R 2 Fe 14 _jCo*Si 2 which crystallize in the off-stoichiometric 
2:17-type structure has been studied 7,8 with R=Y or a heavy 
rare-earth element. 

In this work, a detailed study of the structural and mag¬ 
netic properties of the Sm 2 Fe 14 _^Co f Si 2 nitrides was per¬ 
formed and some of the results are presented and discussed. 

II. EXPERIMENT 

Sm 2 Fe H _ x Co A: Si 2 compounds with *=0-7 were pre¬ 
pared by arc-melting the constituent elements which had at 
least 99.9% purity. The ingots were melted several times to 
ensure homogeneity. The as-cast ingots, without any anneal¬ 
ing, were then pulverized to an average particle size of 
20-30 Aim and the powder samples obtained were heated in 
purified N 2 under a pressure of about 1.7 atm at 520 °C for 
4-16 h to form the Sm 2 Fei 4 _^Co x Si 2 N ) , nitrides. The value 
of y was determined to be 2<y<3 by weighing the samples 
before and after nitrogenation. 

X-ray diffraction was employed to determine the struc¬ 
ture and the lattice parameters. The x-ray diffraction patterns 
of the magnetically aligned powder samples obtained at 
room temperature weie used to determine the easy magneti¬ 
zation direction (EMC) of the compounds. Thermomagnetic 
curves were measured by means of a vibrating sample mag¬ 
netometer (VSM) with an applied field of 500 Oe, and the 


Curie temperature T c was derived from M 2 vs T plots. The 
magnetization curves were measured by means of a super¬ 
conducting quantum interference device magnetometer with 
applied fields up to 65 kOe at temperatures between 4.2 K 
and room temperature. The saturation magnetization M s was 
derived by means of M vs l/H 2 plots, using the high field 
part of the magnetization curves. 

The anisotropy fields H a were derived from the extrapo¬ 
lated intersection of the two magnetization curves, measured 
with the field parallel and perpendicular to the alignment 
direction. 

III. RESULTS AND DISCUSSION 
A. Sm 2 Fe 14 _ x Co x Si 2 compounds 

X-ray diffraction and thermomagnetic analysis show that 
all the investigated as-cast Sm 2 Fe 14 _ f Co x Si 2 alloys are of 



28 (degree) 


FIG. 1. X-ray diffraction patterns of Sm 2 Fe 14 Si 2 , Sm 2 Fe n Co 3 Si 2 , and 
Sm 2 Fe 10 Co 4 Si 2 compounds (\= 1.5418 A). 
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TABLE I. The lattice parameters a and c, unit cell volume V, room tem¬ 
perature saturation magnetization M s , anisotrop field H a , and easy magne¬ 
tization direction EMD in Sm 2 Fe 14 _ x Co x Si 2 compounds. 


X 

a 

(A) 

c 

(A) 

V 

(A 3 ) 

Ms 

(emu/g) 

Ha 

(kOe) 

EMD 

0 

8.484 

12.340 

772.78 

118 


plane 

l 

8.477 

12.388 

770.87 

120 


plane 

2 

8.487 

12.613 

774.33 

123 


plane 

3 

8.456 

12.338 

764.00 

124 


plane 

4 

8.459 

12.379 

764.62 

124 

8 

c axis 

5 

s.439 

12.338 

760.88 

122 

13 

c axis 

6 

8.414 

12.301 

753.96 

120 

21 

c axis 

7 

8.404 

12.293 

751.28 

112 

23 

c axis 


single phase. The x-ray diffraction patterns have been in¬ 
dexed on the basis of the Th 2 Znj 7 -type structure. Figure 1, 
curve (a) shows an example for the Sm 2 Fe 14 Si 2 compound. 
Substitution of Co for Fe does not lead to any change in the 
crystal structure even for x= 14. The lattice constants a and 
c exhibit a small decrease with increasing Co concentration. 
Experimental data in Table I show the lattice constants a and 
c as functions of Co concentration. The average decrease 
upon Co substitution is only 0.1% per Co atom. The average 
lattice constants are a = 8,252 A and c = 12.356 A, which 
are 1.3% and 1.5% smallei than those of the Sm 2 Fe 17 com¬ 
pound, respectively. 

Figure 2, curve (A) shows the Curie temperature T c as a 
function of Co concentration. It can be seen that T c increases 
nearly linearly with Co content, from 514 K for *=0 to 817 
K for x-1. The average increase upon Co substitution was 
determined to be 55 K per Co atom. It is worth noting that 
the Curie temperature of the Sm 2 Fe 14 Si 2 is about 100 K 
higher than that of the Sm 2 Fe 17 compound. 

The saturation magnetization at room temperature as a 
function of Co content is summarized in Table I. It can be 
seen that the saturation magnetization M s increases with in¬ 
creasing Co content, at first going through a maximum of 
124 emu/g at x~3 and then it decreases with increasing Co 



FIG. 2. Curie temperature T c as a function of x in Sm 2 Fe 14 _ x Co x Si 2 com¬ 
pounds and their nitrides. (A) is Sm 2 Fe 14 . x Co x Si 2 samples and (B) is 
Sm 2 Fe 14 . x Co x Si 2 N y when x = 0, y = 2.6, and < = 4, y = 2.3. 



FIG. 3. A spin phase diagram for Sm 2 Fe 14 „ x Co x Si 2 compounds. 


content. The increase of the saturation magnetization at room 
temperature for smaller Co contents results from the en¬ 
hancement in Curie temperature. 

Sm 2 Fe 14 Si 2 exhibits a planar anisotropy. With increasing 
Co content, the magnetocrystalline anisotropy changes from 
planar to uniaxial at an x value between 3 and 4 (Table I). 



FIG. 4. Magnetization curves of the aligned powder samples, measured 
parallel (||) and perpendicular (1) to the external magnetic fields. 
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TABLE II. The lattice parameters a, c, unit cell volume expansion, AV/V, Curie temperature T c , saturation 
magnetization M s , anisotropy field and easy magnetization direction for SmjFej 4 _ x Co x Si 2 N x , and the parent 
compounds. 


Compound 

a 

(A) 

c 

(A) 

AV/V 

(%) 

T c 

(K) 

M s (emu/g) 

H„ (kOc) 

EDM 

UK 

300 K 

1.5 K 

300 K 

Sm,Fe, x Sb 

8.484 

12.340 


514 

134 

118 



plane 

Sm 2 Fe H Si 2 N 26 

8.633 

12.478 

4.2 

602 

133 

117 

227 

157 

c axis 

SmiFe, n COiSi, 

8.459 

12.379 


698 

136 

124 


8 

c axis 

Sm 2 Fe 10 Co 2 Si 2 N 2 3 

8.633 

12.460 

5.0 

742 

128 

113 

276 

175 

c axis 


Figures 1(b) and 1(c) shows the x-ray diffraction patterns on 
the magnetically aligned powder samples of the x=3 and 4 
compounds, respectively. For compounds with x^3, a sub¬ 
stantial increase in the (h,k, 0) reflection intensities and dis¬ 
appearance of (0,0,/) lines show that the samples have easy 
plane magnetocrystalline anisotropy, in contrast with the 
compounds with in the latter only the (0,0,/) reflection 
intensity substantially increased, which shows a uniaxial 
magnetocrystalline anisotropy at room temperature. It can be 
seen that for the compounds with x«3, H a is very small due 
to the planar anisotropy, whereas for the compounds with 
xsM, H a increases with increasing Co content, changing 
from H a =8 kOe for x-4 to H a ~23 kOe for x-1, 

A spin phase diagram is shown in Fig. 3. It is clear that 
the spin reorientation temperature T sr increases monoto¬ 
nously with increasing Co content. This suggests that substi¬ 
tution of Co for Fe leads to an increase in the contribution to 
the uniaxial anisotropy resulting from the Sm and Co sublat¬ 
tices. 

B. Sm 2 Fe 14 _ x Co x SI 2 nitrides 

Sm 2 Fei 4 _ x Co x Si 2 nitrides with x-0 and 4 have been 
prepared with the values of y determined to be 2<y <3. The 
nitrides maintain the Th 2 Zn 17 -type structure, but with re¬ 
markable unit-cell volume expansions compared with the 
hosts. The x-ray diffraction patterns of Sm 2 Fe 10 Co 4 Si 2 N > , (a), 
compared with that of the parent compound (B). The unit¬ 
cell volume expansion is 4.2% for jc= 0 (y = 2.6) and 5% 
for * = 4 (y = 2.3). The introduction of nitrogen leads to an 
increase in Curie temperature from 514 to 602 K for x = 0 
and from 698 to 742 K for jc = 4, respectively. The increase 
in T c may be partly associated with the unit cell volume 
expansion. The values of T c for Sm 2 Fei 4 _ x Co x Si 2 Nj, com¬ 
pounds are also shown in Fig. 2 [curve (B)]. Introduction of 
nitrogen also changed the anisotropy in Sm 2 Fe 14 Si 2 from pla¬ 
nar to uniaxial at room temperature with an anisotropy field 
H a =151 kOe and led to an increase in the room- 
temperature anisotropy field of Sm 2 Fe 10 Co 4 Si 2 from 8 kOe 


for the parent compound to 175 kOe for the nitride. A very 
large anisotropy field was observed at low temperature, 
1= 1.5 K, Ha=221 kOe for Sm 2 Fe 14 Si 2 N 26 and H a =216 
kOe for Sm 2 Fe 10 Co 4 Si 2 N 23 , respectively. The detailed ex¬ 
perimental data are summarized in Table II and w ig. 4[(A) 
and (B)]. 

IV. CONCLUSIONS 

The off-stoichiometric R 2 Fe, 7 -type Sm 2 Fe I4 _ x Co x Si 2 
compounds with x=0 to 7 crystallize in the Th 2 Zn, 7 -type 
structure. Substitution of Co for Fe leads to an increase in 
Curie temperature T c from 514 K for x=0 to 817 K for 
x=l. The room-temperature saturation magnetization in¬ 
creases from 118 emu/g for jc= 0 to 124 emu/g for*=4 and 
then it decreases slightly with increasing Co content. Co sub¬ 
stitution enhances the uniaxial anisotropy and the spin re¬ 
orientation temperature T„. The anisotropy changes from 
planar in Sm 2 Fe 14 _ x Co x Si 2 to uniaxial for x»4. The anisot¬ 
ropy field is 23 kOe for x=7. 

Introduction of N leads to an increase in lattice constant 
and unit cell volume, causing a further enhancement in Curie 
temperature. Furthermore, introduction of N results in a fur¬ 
ther increase in the contribution to uniaxial anisotropy from 
the Sm sublattice. It has been found that for the 
Sm 2 Fe J0 Co 4 Si 2 N 2 3 compound, T c =l42 K, M s (300 K) 
= 113 emu/g and H a (300 K)=175 kOe. 
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Mossbauer study of permanent-magnet materials: Sm 2 Fe 17 _ x Al x 
compounds 

I. A. Al-Omari, S. S. Jaswal, A. S. Fernando, and D. J. Sellmyer 

Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska, 
Lincoln, Nebraska 68588-0111 

The Fe 57 Mossbauer spectra of Sm 2 Fe 17 _ 1 .Al A ., where x=Q, 1.0, 2.0, 3.0, and 4.0, have been 
measured at room temperature and analyzed. The ternary compounds Sm 2 Fe; 7 _^A]_ t . have the 
rhombohedral Th 2 Zn 17 structure. Mossbauer measurements showed that all the compounds studied 
were ferromagnetic. The average hyperfine field was found to decrease with the increasing 
aluminum concentration, which is in qualitative agreement with magnetic measurements. The 
decrease in the average hyperfine field was from 224 kOe at x = 0 to 174 kOe at x =4. By fitting the 
spectra we found that the hyperfine fields for the iron sites decrease in the order 6c, 9 d, 18/, and 
18A. The measured average isomer shift relative to a-iron was found to increase linearly with x. 
Analysis of the spectra showed that A1 atoms occupy the 6c, ISh, and 18/, but not 9 d, Fe sites and 
the fraction of occupancy of A1 was found to depend on x. 


i. INTRODUCTION 

It has been discovered recently that the hard-magnet 
properties of Fe-rich intermetallic compounds improve con¬ 
siderably upon nitrogenation. 1 ' 3 Efforts are underway to see 
if substitutional impurities can accomplish the same goal. 
Compounds of the type R 2 Fe 17 _*M*, (R =Ho, Y, Sm, Ce, Pr, 
and Nd; M=A1, Ga, V, Co, and Ni) have been studied 3 " 6 and 
their magnetic ordering temperatures were found to increase 
by substituting other elements for iron. Weitzer et al? found 
that the Curie temperature (T c ) changed from 265 K for 
Ce 2 Fe l7 to 385 K for Ce 2 Fe t5 Al 2 , and from 335 K for 
Nd 2 Fe l7 to 440 K for Nd 2 Fe IS Al 2 and to 520 K for 
Nd 2 Fei 5 Ga 2 . Effects of Al substitution on the magnetic an¬ 
isotropy and Curie temperature of Sn^Fen-jAl* compounds 
have been studied by Wang and Dunlap. 8 They found that T c 
for these compounds depends on the Al concentration ( x) 
and it reaches a maximum of 471 K for Sm 2 Fe 14 Al 3 , com¬ 
pared to 391 K for the parent compound Sm 2 Fe 17 . They 
found also that the anisotropy changed from planar for 1 
to uniaxial for *=*3. These changes in T c and the anisotropy 
are promising improvements to the permanent-magnet prop¬ 
erties of the parent compounds. Low-temperature measure¬ 
ments for Sm 2 Fe. 7 _ i Al^ by McNeely and Oesterreicher 9 
showed that the magnetization of these compounds decreases 
by 83% as x increases from 0 to 9.5. The coercive force ( H c ) 
increases by increasing x and it reaches a value of 15 kOe 
with *=9.5 at T- 4.2 K. In this article we report on Moss¬ 
bauer studies for Sn^Fep.^Al* to understand the effect of 
Al on their magnetic properties and the site occupation of the 
different Fe sites. Also we use Mossbauer spectroscopy to 
look for small amounts of a-Fe in these compounds. 

II. EXPERIMENTAL PROCEDURE 

Bulk samples of Sn^Fe^^Al* with x=0,1,2, 3, and 4 
were prepared by arc melting the elemental constituents in a 
water-cooled copper boat in a flowing-argon gas atmosphere. 
All the starting elements used were at least of 99.99% purity. 


The alloys were melted several times to insure homogeneity. 
The samples were wrapped separately in tantalum foils and 
heat-treated below 3X10 -6 Torr vacuum at 1000 °C for 
about 72 h, and subsequently quenched in water. 

Room-temperature x-ray diffraction measurements on 
powder samples using CuKa radiation showed only the 
rhombohedral Th 2 Zn l7 structure with a small amount of 
a-Fe. The magnetization of the compounds was measured at 
5 and 300 K with a superconducting quantum interference 
device (SQUID) and alternating force gradient magnetometer 
(AFGM), respectively. 

The samples for Mossbauer spectroscopy were prepared 
by sprinkling a thin layer of the powder of Sm 2 Fe 17 _ x Al^ on 
a piece of tape. The samples were studied by using a Ranger 
Mossbauer spectrometer, model MS1200. The velocity drive 
of this spectrometer operates in the constant acceleration 
mode. Co 57 in Pd was used as the y-ray source in this ex¬ 
periment. All the isomer shifts were measured relative to 
a-iron at room temperature and a-iron was also used for 
calibration. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the room-temperature Mossbauer spectra 
and the fitting (the solid curves) for Sm 2 Fe 17 _^Al^ with 
x=0, 1, 2, 3, and 4. The spectra show that all the samples 
are magnetically ordered for all values of x and all of them 
have different subspectra with different magnetic hyperfine 
fields. A standard program was used to fit the spectra, where 
each spectrum was fitted with a set of seven subspectra, 
which is similar to the previous models used by Ping et al., iG 
Long etal., 11 and Yelon et al. 12 for 2:17 compounds. The 
weak features indicated by arrows in Fig. 1 are the first and 
sixth lines due to a-Fe in samples with x = 1 and 2. From the 
relative intensity of the subspectrum the atomic percentage 
of a-Fe was estimated to be less than 2%. For the rhombo¬ 
hedral Th 2 Zn 17 structure there are four different iron sites, 
6c, 9 d, 18/, and 18/j, with different environments. Previous 
Mossbauer measurements by Long et a/. 11,13 for Nd 2 Fej 7 and 
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FIG. 1. Room-temperature Mossbauer spectra of Sm 2 Fe 17 . x Al / com¬ 
pounds. The solid curves represent the fitting. Arrows indicate the first and 
sixth lines due to a-Ft. 

Nd 2 Fei 7 N 2 6. Mossbauer and neutron diffraction by Yelon 
et al n for Nd 2 Fe 17 _^Al x , and Mossbauer measurements by 
Hu et al. 10 for R 2 Fe l7 N 3 _,s showed that the hyperfine fields 
decrease in the order 6c, 9 d, 18/, and 18/t. The 6c site has 
the largest hyperfine field since it has the largest number of 
iron nearest neighbors. In our fitting and analysis of the data 
we kept the same order. The seven subspectra used in fitting 
correspond to one spectrum for 6c and two subspectra for 
each of the other three sites with the relative intensity 2:1. 
The parent compound Sm 2 Fe 17 was studied for comparison 
with other compounds and other data. The average hyperfine 
field for different sites and for different A1 concentrations 
was found to decrease with increasing concentration of the 
nonmagnetic element, Al, as seen in Fig. 2. This decrease is 
in qualitative agreement with the magnetization measure¬ 
ments by McNeely and Oesterreicher. 9 The average hyper¬ 
fine field for the parent compound was 224 kOe which is in 
good agreement with other values of 221 kOe by Hu et al. 10 



Al concentration (x) 

FIG. 2. Dependence of the average hyperfine field for the different Fe sites 
of SmjFe^-jAl* on the Al concentration x, at T= 295 K. 



Al concentration (x) 


FIG. 3. Dependence of the percentage fraction of aluminum occupancy for 
different sites on the Al concentration x. 

and 216 kOe by Long et al. 11 for related compounds. The 
Curie temperature for these compounds increases with x and 
reaches a maximum at x=3: T c changes from 391 K for 
Sm 2 Fe J7 to 471 K for Sm 2 Fe 14 Al 3 . 8 This increase of 20% in 
T c in spite of the decrease in the average hyperfine field by 
12% must be due to the increase in the interatomic exchange 
interactions upon volume expansion. 

The intensity of each subspectrum is proportional to the 
Fe-site occupation. Using the fitted intensities we calculated 
the percentage of iron and aluminum at each site. Figure 3 
shows the percentage fraction of Al occupancy if each site 
for the different sites and for different concentrations. From 
this figure we see that Al prefers to go to the different sites in 
the order 6c, 18 h, and 18/, but not 9 d, which has the small¬ 
est Wigner-Seitz cell volume. This is in agreement with pre¬ 
vious observations on Nd 2 Fe 17 _ i Al A . by Yelon et al. n 

The average isomer shift (IS) relative to a-iron was 
found to increase linearly by increasing the Al concentration 
as shown in Fig. 4, where the circles are the experimental 
IS and the solid line is the linear fit. The parameters for the 
linear fitting are given by the equation 

IS(mm/s)=-0.12 + 0.03*. 

Figure 4 shows that IS is negative and the magnitude of IS 
decreases with increasing Al concentration. This decrease 



Al concentration (x) 


FIG. 4. Dependence of the average isomer shift (IS) relative to a-iron for 
Sm 2 Fe 17 _ i Al x compounds on the Al concentration x. 
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means a decrease in the probability of finding the s electrons 
at the nucleus that can be attributed to the expansion of the 
cell volume. <SIS/<yinV for these compounds was 3.0 mm/s 
compared to 1.13 mm/s for or-Fe given by Shenon and 
Wagner 14 and 1.5-2.3 mm/s for R 2 Fe 17 and R 2 Fe 17 N 3 _ 5 at 15 
K given by Hu et al. 10 The present value is higher than the 
other values due to the smaller change in the cell volume 
compared to the others. 

IV. CONCLUSIONS 

Samples of Sm 2 Fe 17 _ x Al x magnetic compounds have 
been fabricated and studied by Mossbauer spectroscopy. 
These compounds have rhombohedral Th 2 Zn 17 single phase 
with less than 2% a-Fe impurity. All the samples studied are 
ferromagnetic and the average hyperfine fields, and hence the 
magnetic moments, are found to decrease as x increases from 
0 to 4. Therefore the increase in T c with x up to x=3 must 
be due to the increase in interatomic exchange interactions 
between Fe atoms with volume expansion. Adding more Al 
lowers the exchange interaction due to the decrease in the 
number of Fe-Fe nearest neighbors, thereby lowering the T c 
for x>3. Aluminum is found to occupy the three iron sites 
6c, 18/j, and 18/ with varying degrees of occupancy, but 
not the 9 d site. The change in isomer shift with increasing Al 
concentration corresponds to the decreasing 5-electron den¬ 
sity at the nucleus caused by the volume expansion. 
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Neutron diffraction and magnetic studies of Nd 2 Fe 17 _ x _ z Al x Si z 

Z. Hu and W. B. Yelon 

University of Missouri Research Reactor, Columbia, Missouri 65211 

The A1 and Si double-substituted 2:17 phase, Nd 2 Fe 17 _ i ._ 2 Al x Si 2 , was prepared and analyzed using 
neutron powder diffraction and SQUID magnetization measurements. Rietveld analysis of the 
neutron diffraction data indicates that the lattice parameters are close to a linear combination of the 
corresponding single-substitution compounds. The unit cell could be expanded or contracted, 
depending on the Al/Si ratio. The aluminum and silicon fractional occupancy on the different 
crystallographic sites in the double-substitution compounds are related to those of 
single-substitution compounds. The SQUID measurements show that all samples in this study have 
Curie points higher than that of the unsubstituted compound. For a Si/Al ratio of 2:1, the Curie 
point, 492 K, was found at a total substituent content less than in the singly substituted Si compound 
with the same T c . 


I. INTRODUCTION 

The substitution of aluminum for iron in Nd 2 Fe 17 raises 
the Curie temperature and leads to an expansion in the unit 
cell volume. 1 In this kind of compound, it is believed that the 
lattice expansion is sufficient to decrease antiferromagnetic 
exchange and enhance the ferromagnetic exchange. 2 When 
silicon is used as the substituent for iron in Nd 2 Fe 17 , the 
lattice contracts upon substitution, which would normally be 
expected to lower the Curie temperature. However, the Curie 
temperatures of the compounds are strongly increased. 3,4 The 
enhancement of magnetic properties with Si substitution is 
apparently related to the expansion of the lattice in the 9 d- 
18/i plane. 3 It may be expected that a combined substitution 
of Fe by Si and A1 at the appropriate level could lead to 
further enhancement of the magnetic properties. In this pa¬ 
per, neutron diffraction and magnetic studies of the A1 and Si 
double-substituted 2:17 phase, Nd 2 Fej 7 -.r- y Al x Si y , are pre¬ 
sented. 


II. EXPERIMENT 

Samples of Nd 2 Fe 17 _*_ y Al ;r Si y used in this study were 
prepared by rf induction melting of the constituent elements 
of purity 99.9-99.995% in a water-cooled copper boat under 
flowing argon at the Graduate Center for Materials Research, 
University of Missouri-Rolla. The ingots were annealed at 
980 °C for one week. The ingots were then crushed and 
ground in an acetone bath for neutron diffraction studies or 
SQUID measurements. Neutron diffraction data were col¬ 
lected at the University of Missouri Research Reactor using 
the linear position-sensitive detector diffractometer at room 
temperature on approximately 2 g samples in 24 h. The neu¬ 
tron wavelength was 1.4783 A. The data were measured 
from 5°-105° in 20. The Curie temperatures, T c , were mea¬ 
sured by SQUID using a Quantum Design MPMS System. 

The neutron diffraction powder patterns were analyzed 
by the Rietveld method using the fullprof program 5 for 
multiphase refinement including magnetic structure refine¬ 
ment. a-Fe (5.62-8.57% in volume) was observed in all 
samples. 


III. RESULTS AND DISCUSSIONS 

The refinement results are given in Table I. Since each 
sample has some a-Fe (5-8% in volume) as the second 
phase, the stoichiometry of the compounds differs from the 
nominal composition. However, by using the site-effective 
scattering length and assuming the nominal Si/Al ratio, the 
stoichiometry of the compounds can be determined (see Ap¬ 
pendix). The results are given in Table I. In a previous 
study, 2 the unit cell volume increased in the Al-only substi¬ 
tuted compound, Nd 2 Fe 17 _ i .Al i , at a rate of 9 A 3 /A1, while 
the unit cell volume decreased in the Si-only substituted 
compound, Nd 2 Fe 17 _ y Si y , at a rate of 3.4 A 3 /Si. 4 It is found 
that the unit cell volume, as well as the cell parameters, a 
and c, are close to a linear combination of that of the corre¬ 
sponding single-substitution compounds. The deviations are 
in the range of ±0.11%. The unit cell could, thus, be ex¬ 
panded or contracted, depending on the Al/Si ratio. All 
double-substitution compounds were found to have a higher 
c/a ratio than the pure Nd 2 Fe 17 phase. The site occupancies 
of the substituents in double-substitution compounds are not 
a simple addition of the A1 occupancies and the Si occupan¬ 
cies of corresponding single-substitution compounds. Unfor¬ 
tunately, the substituent occupancies cannot be determined 
directly from the neutron refinements. However, they can be 
determined using a few reasonable assumptions. Previous 
studies show that no A1 occupies the 9 d site in the 
Nd 2 Fei 7 _^Al^. compounds up to x = 8, since the 9 d is the 
smallest site, 1,2 and no Si occupies the 6c sites in 
Nd 2 Fe 17 _ y ,T y compounds up to at least y = 4.2, since the 6c 
is the largest site. 4 In Nd 2 Fe 17 __ ( _ y Al i Si y , it is assumed that 
(a) no A1 atoms occupy the 9 d sites, (b) no Si atoms occupy 
the 6c sites, and (c) the average bond length of the 18/i sites 
depends only on the occupancies of A1 and Si on this site. 
The dependence functions of the 18 h site average bond 
length of single-substitution compounds are applied to 
double-substitution compounds. The results for the separate 
A1 and Si site occupancies (see Appendix) are given in Table 
II. These appear reasonable in comparison to the singly sub¬ 
stituted results, but an anomalous x-ray scattering study, 
combined with the neutron data, would be useful to uniquely 
fix the occupancies. Figure 1 shows the dependence of site 
occupancies upon the substituent contents for those samples 
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TABLE L Refinement results of Nd 2 Fe 17 _ x _ J ,AljSi ) , solid solution. 


x,y 

parameter 

*=0 

y=0 

*=0.92 

y=0.93 

*=1.82 

y=0.87 

* = 0.91 
y = 1.79 

*=1.57 

y=1.58 

00 o 

1! II 

*=2.14 
y = 2.09 

*=2.68 
y = 2.69 

a 

8.6002(1) 

8.5925(3) 

8.6288(3) 

8.5785(3) 

8.6043(2) 

8.6413(2) 

8 6060(4) 

8.6274(3) 

c 

12.4835(2) 

12.5156(5) 

12.5572(6) 

12.5194(5) 

12.5446(4) 

12.5878(3) 

12.5473(7) 

12.5509(5) 

c!a 

1.4515 

1.4566 

1.4552 

1.4594 

1.4579 

1.4567 

1.458 

1.4548 

V 

799.631 

800.233 

810.414 

797.879 

804.352 

814.101 

804.976 

809.074 

ft, Nd, 6c 

2-1(2) 

2.2(3) 

2.8(3) 

2.8(2) 

2.2(3) 

2.1(2) 

2.1(3) 

1.7(3) 

H, Fe, 6c 

2.5(2) 

2.8(5) 

2.5(4) 

2.7(2) 

2.4(4) 

1-9(3) 

2.2(4) 

1.6(3) 

jtt, Fe, 9 d 

1.7(2) 

1.8(1) 

1.8(1) 

1.8(1) 

1.8(1) 

1.2(1) 

1.8(1) 

2.1(4) 

ft, Fe, 18/ 

2.4(2) 

1.7(2) 

2.6(3) 

2.4(2) 

2.3(2) 

2.2(2) 

2.5(3) 

2.0(4) 

/x, Fe, 186 

1.7(2) 

1.8(3) 

2.3(3) 

2.2(3) 

1.9(3) 

1.9(2) 

2.1(4) 

1.6(4) 


0 

0 

0 

0 

0.33 

05 

12 

1.7 

R 

5.48 

4.68 

5.60 

5.20 

5.06 

4.68 

6.04 

6.72 


7.09 

6.39 

7.71 

7.12 

6.63 

6.30 

8.60 

9.31 


6.22 

10.20 

14.10 

10.60 

10.60 

10.70 

11.90 

8.97 

/ 

3.11 

1.93 

3.47 

2.99 

2.54 

2.33 

4.41 

5.01 

T C ,K 

330 

455 

470 

492 

480 

462 

470 

390 

or-Fe 

6.95 

5.62 

8,57 

7.74 

7.43 

5.98 

7.16 

6.46 

6c, ASBL a 

2.675 

2.676 

2.686 

2.680 

2.684 

2.685 

2.681 

2.689 

9 d, ASBL 

2.494 

2.494 

2.503 

2.495 

2.499 

2.505 

2.497 

2.504 

18/, ASBL 

2,579 

2.582 

2.592 

2.586 

2.590 

2.595 

2.590 

2.591 

186, ASBL 

2.566 

2.564 

2.576 

2.560 

2.568 

2.580 

2.568 

2.576 


*ASBL=average site bond length. 


with an approximate Al/Si ratio of one. In the singly substi¬ 
tuted compounds, either the 9 d or 6c sites remain full of Fe 
and, therefore, the remaining sites must, on average, have a 
higher than random substituent occupancy. In the present 
case, both sites are occupied and therefore there is a lower 
total occupancy of the remaining 18/ and 18 h sites. It is 
found that the 18/ site takes up less substituent, while the 
18 h site fills at roughly the same rate as in the singly sub¬ 
stituted compounds. Table I also gives the bond lengths and 
the average bond length of each site. It was found that the 
average bond length increases in 6c, 9 d, and 18/ sites in all 
samples in this study. On the 18/t site, the average bond 
length increases in some samples and decreases in other 
samples, depending on the Al/Si ratio and the total substitu¬ 
ent content. 

The site magnetic moment of these compounds are also 
given in Table I. It was found that the Nd sublattice couples 
ferromagnetically to the Fe sublattice in all compounds, For 
those samples of low total substituent content, the magnetic 
moments lie in the basal plane. For those samples of high 
total substituent content, canted magnetic structures were ob¬ 
served. However, the refinement was not stable for the 


sample of highest content and the minimum was found by 
iteration of the fi(z)//x(x) ratio. An easy direction change 
was found in Nd 2 Fe 17 _ y Si y only with y>3 (Ref. 4) but not 
found in Nd 2 Fe, 7 _ x Al x up to x=9. 2 It is possible that an 
easy axis system could be produced at a lower substituent 
content than is found in any singly substituted compound. 
The Curie temperatures, measured by SQUID, are also given 
in Table I. All compounds have a Curie point higher than that 
of the pure Nd 2 Fe, 7 phase, which is 330 K. The Curie tem¬ 
perature was found to depend on both the total substituent 
content and the Al/Si ratio, and those compounds with a 
higher Si/Al ratio have higher Curie points, indicating that Si 
has a stronger effect on the ferromagnetic exchange than Al. 
In the Nd 2 Fe 17 _ x Al x , the maximum Curie temperature, 
about 460 K, is found for x of approximately three. In 
Nd 2 Fe 17 _ ) Si y , the maximum Curie temperature, about 495 
K, is at y of about 3.7. The maximum Curie point of the 
double-substitution compounds (with the limited Al and Si 
contents and their ratio in this study) was found to be 492 K, 
similar to that of Si-only substitution compounds. The total 
substituent content is significantly lower than in the singly 
substituted compound (2.7 compared to 3.7, about 27% less), 


TABLE II. Site occupancies of Al and Si in NdjFe^.^.yAl^Siy. 


*.y 

parameter 

V; * 

II II 
o o 

* = 0.92 
y = 0.93 

* = 1.82 
y = 0.87 

* = 0.91 
y= 1.79 

*=1.57 
y = 1.58 

* = 2.83 
y = 1.02 

* = 2.14 
y = 2.09 

* = 2.68 
y = 2.69 

Al%, 6c 

0.00 

4.35 

5.87 

5.66 

7.87 

7.01 

14.21 

24.44 

Si%, 6c 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

AI%, 9 d 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Si%, 9 d 
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FIG. 1. The percentage substituents found on the lour iron sites as a func¬ 
tion of (j :+y)i2 for samples with an approximate Al/Si ratio of one. 

which is important because the lower substituent content 
means less reduction in the magnetization of the compound. 
It is possible that the higher Fe content on the 18/ site plays 
a role in the observed enhancement in the magnetic proper¬ 
ties. Note that the magnetic moment on this site is relatively 
large in most of the specimens. 
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APPENDIX 

For a double-substitution 2:17 phase, 
Nd 2 Fe 17 _*_ y Al c Si y , the effective scattering lengths of the 
four iron sites are 

cb fe =x 1 b al +y 1 b si +(0.167-*i-->'i)bf c , (Al) 

db h =x 2 b i \+yzb^ J r{Q.\61-x 2 -y 2 )b {t , (A2) 

fb k = ^ 3 h a i+y 3 b si +(0.167 -x 3 -y 3 )b k , (A3) 

hb f^Xibtf+ytbu+iO.167-X4-y 4 )b( e , (A4) 
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where c, d, f, and h are refined Fe site occupancies. b a! , b si , 
and b {t are the scattering lengths of Al, Si, and Fe, respec¬ 
tively. x t (i=l, 2, 3, and 4) are Al site occupancies and y, 
0=1, 2, 3, and 4) are Si site occupancies. 

To solve for the eight unknowns, x, and y t , four more 
independent equations are needed: 

(a) No Al or Si out of the 2:17 phase, then 

(A5) 

where W al and W si are the starting weights of Al and Si, and 
A/ji and A/ si are the atomic weights of Al and Si, respec¬ 
tively. 


(b) No Al atoms occupy the 9 d sites, 


x 2 =0. 

(A6) 

(c) No Si atoms occupy the 6c sites, 


yi = 0. 

(A7) 

(d) The average bond length of the 18 h sites depends 


only on the occupancies of Al and Si on this site. The depen¬ 
dence functions of the I8h site average bond length of 
single-substitution compounds can be applied to double¬ 
substitution compounds. The site average bond length for the 
1 8h sites depends only on the substituent occupancies. 

ABL h =f h (x 4 )+f' h (y 4 )-ABU, (AS) 

where ABL^ is the refined h site average bond length of 
Nd 2 Fe 17 _ a; _ y Al^Si > ,, ABL^, is the refined A-site average bond 
length of Nd 2 Fe 17 , f h (x) is the dependence function of the h 
site average bond length on Al occupancy in Nd 2 Fe 17 _ x Al^, 
which was extracted from the Al-only substituted compounds 
in a previous study. 2 f' h (y ) is the dependence function of the 
h-s ite average bond length on Si occupancy in 
Nd 2 Fe 17 _ y Si y , which was extracted from the Si-only substi¬ 
tuted compounds in a previous study. 4 

By solving the independent equations (A1)-(A8), x, (i 
= 1, 2, 3, and 4) and y, (i = 1, 2, 3, and 4) are determined. 

‘W. B. Yelon, H. Xie, G. J. Long, O. A. Pringle, F. Grandjean, and K. H. J. 
Buschow, J. Appl. Phys. 73, 6029 (1993). 

2 G. J. Long, G. K. Marasinghe, S. Mishra, O. A. Pringle, Z. Hu, W. B. 
Yelon, D. P. Middleton, K. H. J. Buschow, and F. Grandjean, J. Appl. 
Phys. (in press). 

5 G. J. Long, G. K. Marasinghe, S. Mishra, O. A. Pringle, F. Grandjean, K. 
H. J. Buschow, D. P. Middleton, W. B. Yelon, F. Pourarian, and O. Isnard, 
Solid State Commun. 88, 761 (1993). 

4 Z. Hu el al. (unpublished). 

5 FULLPROF Rietveld refinement code by J. Rodriquez-Carjaval, Institute 
Laue-Langevin, Grenoble, France. 
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The compound SmCo 4 B is a hard magnetic material; however, the saturation moment and the Curie 
temperature need to be increased for the compound to be a candidate for a permanent magnetic 
material. Frr this purpose, Fe substitution for the Co and Pr substitution for the Sm of SmCo 4 B have 
been attempted. In addition, the nitrogenation of SmCo 2 Fe 2 is also attempted. The magnetic 
characteristics of SmCo 2 Fe 2 B have been investigated in a pulsed high magnetic field up to 350 kOe. 
and the data are compared with those of other related compounds investigated in this work. The 
compound with more Fe content, SmCoi 7 Fe 23 B, has been successfully made, and T c =794 K and 
saturation moment M S =81A ei.,'i/g at 300 K have been obtained. It is found that the Fe 
substitution does not decrease the uniaxial magnetic anisotropy. Heat treatments in nitrogen gas at 
500 °C of SmCo 2 Fe 2 B have brought about significant increases of magnetization; however, the 
increase of T c is only about 20 K and the crystal volume is unchanged to within experimental 
uncertainty. 


It has been known 1,2 that boron substitution for the Co of 
RCo 5 (R=rare earth) leads to a formation of compound sys¬ 
tems with discrete B content expressed by the general for¬ 
mula R n+1 Co 3n+5 B 2n (n=0,1,2,In our previous 
papers, 3,4 we focused on the Sm system of hard magnetic 
materials. The compound SmCo 4 B is especially interesting 
because it has a huge uniaxial magnetic anisotropy at T=4.2 
K. However, both the saturation moment and the Curie tem¬ 
perature are about half of those of SmCo 5 . It is also known 4 
that Fe and Pr substitutions increase the magnetization as 
well as the Curie temperature of SmCo 4 B. In order to im¬ 
prove the magnetic characteristics of SmCo 4 B for a hard 
magnetic material, three kinds of trials have been made in 
this work: the first is to re-examine the magnetic character¬ 
istics of SmCo 4 _^Fe^B in a high magnetic field; the second 
is to make samples with greater Fe content than x=2 in 
SmCo 4 __ t Fe^B and also to create Pr substitution for the Sm; 
the last is to make nitrogen-absorbed samples of 
SmCo 2 Fe 2 B. Magnetic and crystallographic measurements 
have been performed and discussed for the samples men¬ 
tioned above. 

Samples in the present study were prepared by an arc 
furnace. The melting was repeated generally more than six 
times to homogenize the composition of the melts. Espe¬ 
cially in the case of SmCoi 7 Fe 23 B, ingots of Co, Fe, and B 
with desired ratio of mass were first melted ten times, and 
then the ingot thus prepared was melted together with a suit¬ 
able mass of Sm at least six times. This method seems to be 
effective to obtain a single phase of the compound with a 
large content of Fe. Several days of heat treatment at about 
1000 °C was generally made to homogenize the ingots ob¬ 
tained by the arc melting. By this method, we obtained a 
single phase of SmCo 17 Fe 23 B, which implies that there is 
hope that higher Fe contents are attainable, but not certainty. 
In the case of the Smo 7 Pr 0 3 Co 2 Fe 2 B compound, the sample 
prepared included a small amount of the 2:17 phase and a 
very small amount of the 1:5 phase. If composition loss of 
the Sm and B occurs during the melting process, we will 
have the three phase samples mentioned above. 2 Excess 


nominal composition of Sm and B will be needed to obtain a 
single phase of Sm 0 7 Pr 03 Co 2 Fe 2 B. The crystal structures of 
CaCu 5 type for SmCo 5 and CeCo 4 B type for SmCo 4 B, etc., 
are illustrated in Fig. 1. The lattice parameters of 
SmCoj 7 Fe 23 B have been determined by x-ray diffraction to 
be a = 5.138 A and c = 6.948 A, which are larger than 
a = 5.087 A and c=6.89 A for SmCo 4 B, respectively. 
About 3% volume expansion occurs by the Fe substitution. 

Magnetization curves have been measured in a pulsed 
high magnetic field up to 35 T(=350 kOe) for field-oriented 
samples of SmCo 5 , SmCo 4 B, and SmCo 2 Fe 2 B. Particle size 
of powdered samples is generally less than 32 pm in diam¬ 
eter. The magnetization curves of SmCo 5 and SmCo 4 B are 
similar to our previous data. 3 The anomalous behavior of the 
magnetization curve with H\\c at around H =0 for SmCo 4 B 
is considered to be caused by the experimental method: the 
magnetization in the process of decreasing external field is 
first measured in the region from H- 35 T to H =0 and then 
the cylindrical field-oriented sample direction was reversed 
to measure the magnetization in the region from H =0 to 


O rare earth 
o cobalt 
• boron 


0 <- 3 ^? 


CaCus type 
(n=0) 



c-^ 55 -? 





CeCoaB type 
(n=l) 


FIG. 1. Crystal structure of CaCu 5 and CeCo 4 B type. The square symbols in 
the basal plane indicate the sites that nitrogen atoms may occupy if the 
nitride is formed. 
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FIG. 2. Magnetization curves measured in pulsed magnetic field for field- 
oriented samples of SmCo s and SmCo 4 . I Fe i B with x=0 and 2. C indicates 
the direction of field orientation. 


H =-10 T. The magnetization curve in the process of in¬ 
creasing field was measured by a similar method. The data 
for SmCo 2 Fe 2 B at T= 4.2 and 300 K are obtained for the 
first time in this work. Coercivity H c , which depends on the 
various factors, is also shown for the respective samples in 
Fig. 2. As seen in Fig, 2, the magnetization curves with Hi c 
have a small amount of residual magnetization at H= 0, 
which means a slight lack of alignment of the field-oriented 
samples. To avoid the error in the estimation of anisotropy 
field H a due to the lack of alignment, the linear part of the 
initial magnetization curve with Hlc is moved in parallel so 
as to start from the origin, and then the anisotropy field is 
determined as the magnetic field at which the straight line 
corresponding to the linear part mentioned above reaches the 
spontaneous magnetization. The anisotropy field has been 
determined by this method for the respective sample in Fig. 
2. The saturation magnetization values have been calibrated 
by making use of the data for the loose powder of each 
sample. Anisotropy constant K x has been calculated by the 
equation of K l = (l/2)M S H A , where M s is the spontaneous 
magnetization per unit volume. 

The magnetization curves for the field-oriented samples 
of SmCo l7 Fe 23 B and Sm 07 Pr 03 Co 2 Fc 2 B have been mea¬ 
sured in a magnetic field up to 20 kOe. The data are shown in 
Fig. 3. In this case, the particle size is larger than that of the 
samples in Fig. 2, but less than 32 /zm. Since there is con¬ 
siderable lack of alignment and also the maximum field used 
is only 20 kOe in Fig. 3, it is hard to obtain a reliable value 
of anisotropy field. Rough values of H A in both cases in Fig. 
3 have been estimated to be about 120 kOe by a method 
similar to that used in Fig. 2. The magnetic data mentioned 
above are summarized in Table I together with Curie tem¬ 
peratures determined by a magnetic balance in this work. 
Some data in Table I are taken from references cited therein. 
We can see some important points in Table I. The magneti¬ 
zation of SmCo 4 B is considerably increased; however, the 
anisotropy constant remains almost unchanged by the Fe 
substitution. The magnetization of YCo 4 _^Fe x B is known to 
increase v/ith x, 9,10 It has also been clarified by Onodera 
et al. 10 that both Fe and Co moments increase with x. A 
similar mechanism, which occurs also in the Fe-Co alloy, 
must occur in SmCo 4 _*Fe*B. A fundamental concern is also 


SaCoj yFcj 

M*"81.5 esti/t 

H c - 4.6 kOe / 

/ HIC 

HIC 

-lOpcOe) / 



10(kOt) 






FIG. 3. Magnetization curves for field-oriented sair-iles of SmCo, 7 Fe 2 3 B 
and Sm 07 Pr 03 Co 2 Fe 2 B. C indicates the direction ol field orientation. The 
coercivity H c is defined as an average of H c in the processes of decreasing 
and increasing fields. 


in the magnetic state of the Sm sublattice; however, we do 
not discuss it here. According to Dung et al., 9 the anisotropy 
constant K x at T=4.2 K of YCo 4 B and YCo 25 Fe ] 5 B take 
about -4X10 6 erg/cm 3 and -1X10 7 erg/cm 3 , respectively. 
These values are negligibly small compared with those of 
SmCo 4 B and SmCo 2 Fe 2 B at T=4.2 K, which means that the 
K x value in the Sm system mentioned above is supplied 
mainly by the Sm sublattice. The data of K x in Table I sug¬ 
gest that the Sm-sublattice anisotropy is enhanced by the Fe 
substitution. Therefore, to make SmCo 4 B a candidate for per¬ 
manent magnet materials, we only need to increase the mag¬ 
netization and the Curie temperature of SmCo 4 B by Fe sub¬ 
stitution as much as possible. As seen in Table I, the Curie 
temperature of SmCoj 7 Fe 23 B is about 1.6 times higher than 
that of SmCo 4 B. The Pr substitution is also effective to in¬ 
crease the magnetization. In the case of YCo 4 _*Fe*B, the 
maximum Fe content seems to be x= 1.5, 9 which means the 


TABLE I. Magnetic data of SmCo 4 B and related compounds. T c , Curie 
temperature; M ,, saturation magnetization; H A , anisotropy field in the unit 
of Tesla; K lt anisotropy constant. Saturation induction equals 4ttM,p 
(Gauss), where specific mass p is 8.58 for SmCo 5 and 8.54 for other com¬ 
pounds. 



T c ( K) 

Al, 

(emu/g) 

Ha (T) 

(10 7 erg/cm 3 ) 

SmCoj 

959 (3) - 1020 w 93.7(4.2 K) 

71(4.2 K) 

28.6 



90(300 K) 


15<7>_i8<s> 

SmCo 4 B 

500 !4) 

47.5(4.2 K) 110(4.2 K) 

22.3 



120(4.2 K) (3> 

24.3 (3) 

SmCo2Fe 2 B 

782 (4) 

71.7(4.2 K) 

74 

22.6 


732 

70.2(77 K) 

81 

24.2 



67.1(300 K) 

51 

14.6 

SmCoj 7 Fe 23 B 

794 

81.4(300 K) 



Sm O7 Pr 0 3 Co 2 Fe 2 B 

749 

92.4(300 K) 
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FIG. 4. X-ray diffraction patterns for SmG^FejB powder annealed in N 2 
gas for 5 h at the indicated temperatures. 


maximum Fe content in RCo 4 _ I Fe i B seems to depend on 
the kind of rare earth R. 

As mentioned in the preceding section, the three phases 
of Sm 0 . 7 Pr 0 3 Co 2 Fe 2 B could be attributed to the composition 
shift during the melting process, so if appropriate initial 
nominal composition is found, it will be possible to obtain 
the single phase sample of Sm 07 Pr|) 3 Co 2 Fe 2 B. 

To improve the magnetic characteristics of the materials 
mentioned in Sec. Ill, the nitrogenation will be another ef¬ 
fective method. In this work, heat treatments of SmCo 2 Fe 2 B 
powder in atmospheric N 2 gas have been carried out at vari¬ 
ous temperatures. X-ray diffraction patterns of the sample 
after the heat treatments are shown in Fig. 4. The heat treat¬ 
ments at temperatures above 600 °C seem to promote the 



H(kOe) 


FIG. 5. Magnetization curves for SmCo 2 Fe 2 B loose powders. 500 °C, 24 h 
indicates that the sample was annealed in N 2 gas at 500 °C for 24 h. The 
inset shows the temperature dependence of the magnetization of 
SmCo 2 Fe 2 B annealed in two different conditions. 


SmCo 2 FejB annealed 
at 500C in N, for 5hrs 

M s =8l.4cmu/g 

H c =10.1kOe^-'- 


-10(kOt) 0 

y/' 10(lcOe) 



FIG. 6. Hysteresis loop of field-oriented SmCo 2 Fe 2 B powder annealed at 
500 °C in N 2 gas for 5 h. Definition of H c is the same as those in Fig. 3. 


precipitation of Fe-Co alloy. Therefore, nitrogenation of 
SmCo 2 Fe 2 B was tried at 500 °C in N 2 gas for 5,10, and 24 h. 
Magnetization curves measured for loose powders at 300 K 
are shown in Fig. 5. These data clearly show an effect of heat 
treatments in N 2 gas. The saturation magnetization increases 
more than 10%; however, x-ray diffraction patterns before 
and after the heat treatment do not bring about significant 
volume expansion. The Curie temperatures that are shown in 
the inset of Fig. 5 also do not show a clear difference, al¬ 
though an N 2 gas effect is seen in the magnetizations. It is 
not clear at present whether the sample absorbed nitrogen 
into the inner part of the crystal. A hysteresis loop of the heat 
treated N 2 gas for 5 h is shown in Fig. 6. The coercivity takes 
a very similar value to that of the sample without heat treat¬ 
ment in N 2 gas. The crystallographic site that the nitrogen 
atom may occupy is shown by the open square symbols, 
which is the site similar to the 9e site in Sm 2 Fe 17 u in Fig. 1. 
Since the four near neighboring sites around the square site 
are occupied by Co or Fe atoms in equal probability in the 
present case, the probability that all the four sites are occu¬ 
pied by Fe atoms will be (f) 4 . Therefore, if the nitrogen atom 
is supposed to occupy the square site with four Fe surround¬ 
ings, the possible formula of nitride of SmCo 2 Fe 2 B will be 
SmCo 2 Fe 2 BN 0 ) 875 , which means that the quantity of nitro¬ 
gen that may be absorbed by the sample is small, unlike the 
case of Sm 2 Fe 17 . This may be one of the reasons why nitro¬ 
gen is not easily absorbed by SmCo 2 Fe 2 B. 
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For quantum phenomena involving a macrovariable such as the total moment of a ferromagnetic 
particle, or the Neel vector of an antiferromagnetic one, environmental couplings play a crucial role. 
The effect of such couplings, or dissipation, is studied, with emphasis on the nuclear spin 
environment. It is shown that magnetic macroscopic quantum tunneling (MQT) and coherence 
(MQC) both become harder to see. Quantitative calculations are presented for the tunneling rate in 
MQT, and the tunnel splitting and ac susceptibility for MQC. A recent claim to have seen MQC in 
a resonance experiment on ferritin is critically discussed and the absorption is found to be at least 
1500 times larger than predicted by MQC. 


I. INTRODUCTION 

Even the best quantum mechanics texts 1 sometimes state 
that for billiard balls and cannon shells, the de Broglie wave¬ 
length is so absurdly small that any quantum mechanical 
effect such as two-slit diffraction would be washed out by 
the limited resolution of any measurement apparatus. This is 
usually taken as sufficient reason for the inadvisability of 
applying quantum mechanics to such objects. Yet, if one 
were to press the issue, and ask what the practical difficulties 
would be in experimentally verifying quantum effects in 
such cases, one would soon conclude that the small de 
Broglie wavelength was completely overshadowed by an¬ 
other phenomenon, namely, interaction with the environ¬ 
ment. Different particle trajectories would be correlated with 
very different states of the rest of the universe, so that even if 
the trajectories ended with the particle in the same position, 
the environment would not, and the interference terms in the 
square of the total amplitude would vanish by virtue of the 
zero overlap between the states of the environment. To put it 
another way, the environment would “measure” the trajec¬ 
tory taken by the particle, and one would never obtain the 
case of indistinguishable alternatives. 2 

This view of the quantum mechanics of macroscopic ob¬ 
jects has been developed considerably further by Leggett and 
his co-workers over the last decade. 3 Interaction with the 
environment, or dissipation, as it has come to be called, is 
the feature which distinguishes macroscopic objects from 
microscopic ones. It is usually present in myriads of ways, 
and one would have to go to impossible lengths to eliminate 
it for the vast majority of macroscopic systems. As Leggett 
has pointed out, the two phenomena likely to yield the most 
unambiguous evidence of quantum behaviour are macro¬ 
scopic quantum tunneling (MQT), or the decay of a meta¬ 
stable state, and macroscopic quantum coherence (MQC), or 
the resonance between degenerate states (see Fig. 1). Most of 
the early work was done with a view of seeing MQT and 
MQC of the order parameter in Josephson junction based 


systems, 4 ' 9 but in the last few years, small magnetic particles 
have emerged as potential candidates too. 10,11 The macrova¬ 
riable is the total magnetic moment of the particle if it is 
ferromagnetic, or the Neel vector if it is antiferromagnetic, 
and the different states correspond to different directions of 
these vectors. Other magnetic systems such as domain walls 
have also been proposed. 12 

It is essential to realize at the outset that MQT and MQC 
are very different phenomena, especially when environmen¬ 
tal couplings are considered. In general, both become harder 
to see, but the effect on MQC is more severe. The essential 
requirement for MQC is degeneracy. If the bottoms of the 
wells of the MQC potential in Fig. 1 are nondegenerate by 
much more than the tunnel splitting, the mixing between the 
states localized near the well bottoms will be negligible, and 
one will not see any MQC. The environment can be viewed 
as giving rise to a dynamically fluctuating potential for the 
system. If this potential is asymmetric for most of the time, 
or if the degeneracy persists for times much less than the 
tunneling time, MQC will be reduced. Another way of saying 
this is that phase coherence must be maintained for much 
longer durations in MQC than MQT (inverse of the tunnel 
splitting versus the small oscillation period in the metastable 
well), and is therefore more easily destroyed by an environ¬ 
ment. In fact, for ohmic and subohmic dissipation, as defined 
in Ref. 7(b), the environment can suppress MQC completely, 
localizing the particle in the initial well! 8 

The purpose of this paper is to discuss dissipation in 
magnetic particle systems. The dissipation mechanisms 
which have been studied to date include phonons, 13,14 
nuclear spins, 15 and Stoner excitations and eddy currents in 
metallic magnets. 16 Except for nuclear spins and Stoner ex¬ 
citations, the other mechanisms are generally weak. We will 
focus only on nuclear spins, and refer the reader to the lit¬ 
erature for the rest. The work, for the most part, elaborates 
on Refs. 15(a) and 15(b), which deal, respectively, with 
MQT and MQC. We will consider MQT in Sec. II. We rebut 
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Chudnovsky’s recent statement that nuclear spins are 
unimportant, 17 and explicitly obtain the WKB exponent in 
the presence of dissipation. We find that unless the number of 
magnetic nuclei is less than a few percent of the atomic 
magnetic moments, the exponent is multiplied by a factor of 
order unity. If the exponent is as large as 20 or 30 in the 
absence of dissipation, this can substantially reduce the es¬ 
cape rate. We consider MQC in Sec. Ill, and show that even 
for systems where magnetic nuclei are rare, the suppression 
of MQC can be large. As a technical point, we note that 
unlike the case of MQT, for the MQC problem, nuclear spins 
cannot be reduced to an equivalent bath of harmonic oscilla¬ 
tors. Because <a n <(a e , where a.',, and (o e are the nuclear and 
electronic Larmor frequencies, the nuclei act almost as a 
c-number bias field, and sizeable resonance occurs only 
when the net nuclear spin polarization in a given particle is 
zero. Since the polarization decreases with increasing tem¬ 
perature T, we predict that MQC may be enhanced with in¬ 
creasing T in some range. We also suggest double resonance 
experiments—driving the nuclear polarization to zero by a 
strong rf pulse at «„ should enhance the MQC signal while 
the nuclear polarization relaxes. We apply our results to 
Awschalom etal.' s claim to have seen MQC in antiferro¬ 
magnetic ferritin particles. 18 When nuclear spin dissipation is 
included in a previous calculation of the expected power 
absorption, 19 the experimental signal is found to be too large 
by a factor exceeding 1500. Taken with previously discussed 
difficulties, 20 this renders the possibility of MQC occurring 
in ferritin rather implausible. 

II. NUCLEAR SPINS AND MQT 

Consider an isolated, nonmetallic, —50 A radius, single 
domain, ferromagnetic particle, at a temperature well below 
the anisotropy gap. Let us suppose that it has N~ 10 4 -10 5 
atomic moments, each of spin s, and magnetogyric ratio y. 
The total magnetic moment M then has essentially fixed 
magnitude M 0 =Nshy, and its direction M is the only dy¬ 
namical variable left. In the presence of an external field H, 
the Hamiltonian is given by 

J&(M)=E an (M)+ N ,jM ,Mj—M'H. (2.1) 

The three terms are due to crystal anisotropy, shape anisot¬ 
ropy, and the dipole coupling; v 0 is the particle volume, and 
N,j is ?. shape dependent tensor with trace 4rr. The first two 
terms will combine to create easy and hard directions for M, 


which will in general not be along the crystal axes. This 
point must be kept in mind if one ever reaches the stage of 
doing single particle experiments, as it raises the issue of 
how the magnetic axes are to be found. We will denote the 
easy axis by z, the hard axis by y, and assume that H||-z. 
[For results for small misalignments of H, see Ref. 13(b).] 
The state M||z is then metastable with respect to M||-z. As 
the field strength is increased, the barrier from Mp to M||-z 
will be lowered, and eventually vanish at some “coercive 
field” H c . Since the tunneling rate is low for large barriers, 
we anticipate that we will need H*=H C to see appreciable 
tunneling^ and parametrize// as H=(l-e)H c , where e<?l. 
Writing M in terms of polar angles 0 and <f>, and subtracting 
a constant term, we arrive at the general Hamiltonian (model 
III in Ref. 10) 

M0,(f>)=K l e 2 (€- e 2 /4)+K 2 0 2 sin 2 <t>. (2.2) 

Here, K x and K 2 are shape plus crystal anisotropy coeffi¬ 
cients (K l >K 2 > 0). For hard magnets, we expect these to 
be close to the crystal anisotropy coefficients. In any case, 
we expect that per unit volume, ^ 1 ~AT 2 —10 6 —10 7 ergs/cm 3 . 

The quantum mechanical dynamics of M can be speci¬ 
fied by giving the action and using path integrals to calculate 
any desired amplitude. For tunneling rates, it is better to use 
the “imaginary time” or Euclidean action, and this is given 
by 



cos 0(/>(T)]dT. 


(2.3) 


The escape rate from an MQT potential such as in Fig. 1 
can generally be written as r 0 =c&> 0 exp(-So/ft), where wq 
is the small oscillation frequency in the metastable well, c is 
a constant of order unity, and Sq is the least or “classical” 
action for trajectories crossing the barrier. For our problem, 
ioq is the frequency for small amplitude precession of M 
around the stable direction 0=0 —essentially the ferromag¬ 
netic resonance frequency—which from Eqs. (2.2) and (2.3) 
is (0 p ={2ylMo)(K x K 2 e) m . (Note that K U K 2 , and M 0 are 
all proportional to the particle volume, so that o) p is an in¬ 
tensive quantity.) As for the exponent Sq/H, it can be ob¬ 
tained by standard WKB or instanton techniques, 10,13(b) ’ <c) ’ 21 
and it is useful to write it in three equivalent ways: 


PCI 

15 o 


8M 0 — 8 Ns — 

_V?7=— 


16 U 
3 h(o p ' 


(2.4) 


Here, r=K l /K 2 , U=K i e 2 is the barrier height, and N is the 
total number of atomic moments in the particle. The second 
foriq follows from the first on recalling that M 0 =Nshy, and 
the last form reveals a general feature for all smooth poten¬ 
tials, namely, that the WKB exponent is of order U/hco p . 
The second form shows explicitly that tunneling becomes 
harder as the number of moments increases, and makes the 
need for keeping e small absolutely clear. Since 10 l ° 
s -1 , one must have S 0 <30, say, to have any hope of getting 
a reasonable value for T 0 . Since r> 1, and s> 1/2, it follows 
that we must have e<0.037 for iV=10 4 and e<0.008 for 
iV=10 5 . Surprisingly, these values correspond to fairly big 
exit angles (the classical turning points) of 22° and 10°, so 
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that the tunneling can justifiably be called macroscopic, al¬ 
though it does require rather fine tuning of e, i.e., the applied 
field H. 

Let us now include the nuclear spins. 15(a) We consider 
only the nuclei of the magnetic atoms, as this is enough to 
illustrate our central point that nuclear spin dissipation sup¬ 
presses tunneling. Hyperfine fields at magnetic atoms’ nuclei 
are often —100 T. 22 Transferred hyperfine fields at the nuclei 
of nonmagnetic atoms and dipolar fields at nuclei outside the 
particle are smaller, and their effect is weaker, although it 
could be included with minor modification of the treatment 
to follow. Suppose there are N„ magnetic nuclei, each with 
spin I, and magnetogyric ratio y n . It suffices to take an iso¬ 
tropic hyperfine tensor, and to neglect the applied and de¬ 
magnetization fields. The total interaction Hamiltonian for all 
nuclear spins is then 

Vs*, (2.5) 

k 

where s k is the atomic spin on the klh atom, and A is the 
hyperfine coupling. The hyperfine field is given by H n =As, 
and the nuclear Larmor frequency is a) n =AIslh. We will 
only consider the case of zero temperature ( T =0). The issue 
of how to correctly calculate Ti= 0 escape rates is not com¬ 
pletely clear to the author, but if the common procedure of 
finding the imaginary part of the free energy is used, one can 
show that the canonically averaged escape rate is always less 
than the rate in the absence of dissipation. 23 The T =0 case 
thus gives the maximum dissipative suppression of the es¬ 
cape rate, and a comparison of the exponent in this rate with 
U/k B T also provides an estimate of the crossover tempera¬ 
ture between thermal activation and quantum tunneling. 

To calculate the rate T with dissipation, we consider an 
initial state |z,{-/}), where £ is the orientation of M, and 
{-/} indicates that I z = -I for all nuclear spins. We then 
calculate the quantity 

G(r) = (£,{-/}|e-^ + ^) m |£,{-/}) (2.6) 

as 7-*», and compare the result with exp(-£ 0 +jT/2)7/fi. 
(Note that T is now a time, and not the temperature.) The 
amplitude for the nuclear spins not to flip for any given M 
trajectory is found to very good approximation by perturba¬ 
tion theory, and the final result is is ' a) that Q(T) can be writ¬ 
ten entirely in terms of an effective action S eff =5 0 +Si for 
M, where S 0 is given by Eq. (2.3), and 

s xlO]= N n ^A 2 X J o 'J W,)-0(r 2 )] 2 

Xe~ u> ^dT 1 dT 2 . (2.7) 

Note that this effective action would also be given by a bath 
of harmonic oscillators, with a spectral density 
J(to)~<?(a>- co„). This illustrates the Caldeira-Leggett 
argument 4 that as long as any one bath degree of freedom is 
weakly perturbed, the bath can be regarded as a collection of 
harmonic oscillators for understanding the dynamics of the 
system. We shall see that this description of the nuclear 
breaks down completely for the case of MQC. 


The new rate r<x(o p exp(-S£|j), where is the least 
value of S e£f . (The change in the prefactor in T is much less 
important and will be ignored.) Following Refs. 4(b) and 24, 
we define u=(a p T, 0(t)=26 I/2 z(u), and 

<t[z]=(Hco p /4U)SMt) J. (2.8) 

The problem is characterized by two dimensionless param¬ 

eters, given by 

fi=N n Ie(ha) p IU), T}=w n /(o p , (2.9) 

in terms of which, we can write 

cr[z]=| du(z 2 +z 2 -z*)+~- J j [z(u)-z(u')] 2 

Xe~* u ~ u ' ] du da'. (2.10) 

We shall denote the minimum value of cr[z] by b(fi,r)). 

Thus, without dissipation, 6=4/3, and the bounce, or best 
trajectory, is z=sech u. Taking //„~1-1()0 T, and w p ~10 10 
s -1 , we get 17—0.01-1. To estimate fi, let us take e—10~ 3 , 
and h<i) p /U~ 1/5 (any smaller value would lead to a very 
small bare tunneling rate). If the magnetic nucleus has a high 
abundance, so that N n ~N~ 10 5 , we get /*S:10. If, on the 
other hand, N n /N~ 10“ 2 , as is the case for natural isotopic 
mixtures of Fe and Ni, /z=0.1 

[Before minimizing Eq. (2.10), we address a recent opin¬ 
ion by Chudnovsky 17 ® stating that nuclear spin dissipation 
can largely be ignored. For weak or moderate dissipation, the 
relevant combination of yu. and 77 turns out to be 71.17/2, which 
as we can see from above can be of order unity in many 
cases. Chudnovsky rewrites /j.r]l2-h h flH c e, where h hf is the 
field at the atomic moments due to the nuclei. As 
h h f/H c ~ 1(T 2 for systems with high abundance of magnetic 
nuclei, a value of order unity for 7117/2 can arise only if 
e^O.Ol, a condition which is thought to be not realistic by 
Chudnovsky. We have shown earlier, however, that small 
values of e are compelled upon us by the need to have 
S 0 <30. Since the second term in Eq. (2.10) is positive, we 
see that the WKB exponent is always increased by 
dissipation—in fact, b(n,Tj) is a monotonically increasing 
function of fi —the restrictions on e apply with even greater 
force. Far from being unrealistic, small values of e are a 
necessary precondition for observing MQT.] 

The Euler-Lagrange equation for the least action trajec¬ 
tory is 

^=z-2z 3 +^- J“jz(«)-z(H')]e-’l“-“'ld«', 

( 2 . 11 ) 

and the boundary conditions are z(«)-»0 as u —>±<». Denot¬ 
ing Fourier transforms by tildes, Eq. (2.11) can be rewritten 
in the frequency domain as 

z(m) = 2?(w)G(o>), (2.12) 

. - a rj (i ) 2 

G- 1 (w)=l + o, 2 +^-- T - T . (2.13) 

Z CO T 77 

Note that z 3 (w) + z 3 . The inverse Fourier transform of Eq. 
(2.12) gives 
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FIG. 2. Multiplicative dissipative correction to the WKB exponent (solid 
lines), and upper bound from Ref. 17(b) (dashed lines). 



FIG. 3. Maximum excursion of the bounce with dissipation. 


z(u) 


where 


= 2 [ 

jm± J- 00 


e -0j\u-u \rf u ' f 


(2.14) 


R + = l 2HV 2 “l> 


)Si = j(l + i /ati+V 2 ) + &(1+ 7 2 ) 2 —4?7 2 ] 1/2 , 

Rt=(v 2 -Pl)IP±(P 2 --Pl)- (2,15) 

In a large interesting part of parameter space, we have J^l, 
but fjLTj is arbitrary. In this limit, to leading order in r) we 
have 

P+-r) u b , B. = u b \ 

< 216 > 

where u b =(l+fn]!2)~ iri . From Eqs. (2.14)-(2.16) we see 
that z(u) varies on two quite different time scales. The short 
time scale /3Z l and associated amplitude (which is governed 
by R_) are both of order unity. The long time scale diverges 
as Yf — 10 , but the amplitude, which is governed by R + is 
0{rj). In fact we can show that asymptotically, as «->=», 

z(u)**z a ,e~ fi+u ; 

(2.17) 


z k -2R. 


■ f V(k 

Jo 


)cosh(/3 + w)dK. 


The integral is clearly convergent and of order unity. The 
approximation B of Ref. 15(a) is obtained by simply neglect¬ 
ing the R + term in Eq. (2.14), and using Eq. (2.16) for 
and /?_. 

To solve for z(u) numerically, we iterate Eq. (2.14). 
[This is better than iterating Eq. (2.12), as z 3 («) entails a 
double integral.] As noted by Chang and Chakravarty , 24 how¬ 
ever, one must beware of a dangerous relevant direction in 
this iteration, but this can be efficiently eliminated following 
their procedure. At the nth iteration, we insert the solution 
z„(u) on the right-hand side of Eq. (2.14) and multiply it by 
a parameter X„ to get z n + l (u). The only difference with Ref. 
24 is that we must choose X n+1 = X n £ -3 , where 
£=z„ + 1 (0)/z,,(0). Once the pair [X ; ,z ; («)j has converged, 
we scale to X=1 via the equation z(u) = X ; !/ 2 z ; (w). 


In Fig. 2 we show the calculated multiplicative correc¬ 
tion to the nondissipative action [S/S 0 =3b(fi,r))/4]. The 
dashed lines are the upper bounds from the method of Ref. 
17(b). In Fig. 3, we plot the maximum value z(0), which, 
multiplied by 2i a gives the typical exit angle with dissipa¬ 
tion. By choosing different meshes for integrating Eq. (2.14) 
and different points beyond which the asymptotic form 
(2.17) is employed, we estimate that our numerics are accu¬ 
rate to about 1 %. 

As an illustration, for fi= 10 and 77 = 0 . 1 , S/S 0 = 1.65, and 
so if So/h were 25, the escape rate would be reduced by the 
rather large factor of 10” 70 . In the author’s opinion, the best 
hope for seeing MQT lies in using materials—natural or iso- 
topically enriched—with few nuclear moments, for which 
/ 4 - 0 . 1 . If /£ 77 <S 1 , a useful formula is S/S 0 =*l+3/ni/4. 


III. NUCLEAR SPINS AND MQC 

The setup for MQC 15(b) is the same as that for MQT, 
except that now there is no external field. In other words, we 
consider an isolated, insulating, ferro- or antiferromagnetic 
(FM or AFM) particle at nearly zero temperature, with 
N e £ 10 4 atomic moments. Suppose anisotropy (crystal and/or 
shape) creates an easy direction for M or the Neel vector /. If 
there are no external fields, time reversal invariance ensures 
that the opposite direction is also easy, and resonance be¬ 
tween these directions then becomes a possibility. We look at 
this phenomenon in this section. 

The tunnel splitting A for a potential such as that labeled 
MQC in Fig. 1 is generically given in terms of the barrier 
height U and the small oscillation frequency Wq by a WKB 
formula like that for the escape rate: A ~hco 0 exp(-cU/hio 0 ). 
Since Wo for AFM resonance is generally higher than that for 
FM resonance, we will get bigger A’s with AFM particles . 11 
We will therefore couch our discussion in terms of AFM 
particles, although it can be trivially altered to fit the FM 
case. A significant point, as noted by Barbara and 
Chudnovsky, 11(a) is that in the AFM case, due to finiteness of 
the particle, the number of spins on the two sublattices (in 
the simplest case) will not be equal, and the particle will 
have a net moment M. We expect M to follow / adiabati- 
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cally, and MQC could be detected by measuring the ac sus¬ 
ceptibility y', which is related by standard formulas to the 
correlation function 

C(t) = (M (t) • M(0)>=M 2 (/(r) • /(0)>. (3.1) 

As noted in Sec. I, Awschalom etal , 18 claim to have 
seen just such MQC in particles of ferritin, an iron storage 
protein 25 in the form of a hollow shell of 75 A inner diam¬ 
eter, that can be filled with an inorganic compound close in 
composition and structure to ferrihydrite or hydrated 
a-Fe^j. This core is believed to be antiferromagnetic, and 
Awschalom et al. ascribe the peak in their V' to resonance of 
the Neel vector. Some relevant parameters as given by them 
are as follows: The sample has N g = 38 000 ferritin particles, 
each containing JV<.=4500 Fe 3+ ions, of which 43 are un¬ 
compensated, giving A/ 0 -|M|=217 p B . At T= 29.5 mK, the 
resonance frequency is v r = A/ft = 940 Hz, the peak suscep¬ 
tibility /(v r )=3.8X10“ u emu/G, the full width at half 
maximum intensity (FWHM) is =50 kHz, and the ac field 
used to see the resonance is H ac =10~ 5 G. 

We consider a two-sublattice uniaxially anisotropic anti¬ 
ferromagnetic particle with N e atomic moments or spins, 
each of magnitude s. Denoting the spin directions on the 
sublattices by unit vectors n t and n 2 , we have the obvious 
hamiltonian 11 ^’ 26,27 

^ e =Jhi • n 2 -K(n?j+nf*), (3.2) 

where J>K>0. (We will use the subscripts e and n to de¬ 
note electronic and nuclear spin quantities.) By integrating 
out u(b) M«(n,+n 2 ) we get the following Euclidean action 
for 

N 2 s 1 r r 

So[?(t-)]= J (0 2 +sin 2 6</> 2 ) + 2KJ sin 2 0, (3.3) 

where 6 and </> are the polar angles of /. Standard instanton or 
WKB methods 11,26 give the tunnel splitting as 
A 0 =(ftw e /7r)e" fl , where u) e =4(JK) m /N e s is the AFM 
resonance frequency, and B = 2N e s{KIJ) m is the action for 
one instanton. Note that u)~ 1 is the instanton width or the 
“time spent under the barrier.” For typical values of J and K, 
oj e /27r—10 11 -10 13 Hz. Even for a weak ferromagnet such as 
a-Fe 2 0 3 , u> e l2-rr~ 10 GHz. Because the WKB exponent 
B , A will be unlikely to exceed a few MHz if N e s5000. 

Next, as in Sec. II, let N„ of the magnetic ions have 
magnetic nuclei. The total interaction Hamiltonian is the 
same as Eq. (2.5): 

Nn 

(3.4) 

i=i 

For simplicity we consider only 7=1/2. For ferritin, the rel¬ 
evant nucleus is 57 Fe, I is 1/2, and Mossbauer data 25 give a 
hyperfine field of 50 T, a typical value for magnetic ions. 22 
This yields u) n =As/h = (2ir)6S.5 MHz. We thus have three 
well separated frequency scales in the problem: 

A 0 /h. 

Because co e > oj n , the nuclear spins are essentially static 
during the time it takes for / to tunnel, and they act almost 
like a c-number external field. If we map our system onto an 


equivalent pseudospin 1/2, with the states )/|)±z)-»|±), Eq. 
(3.2) becomes the tunneling term A 0 a x . Equation (3.4) is 
equivalent to a magnetic field along the z axis proportional to 
the nuclear polarization p=2Z k £ k I k , where £*=±1 depend¬ 
ing on the sublattice, and the total Hamiltonian becomes 


A§(j x l7 h<x> n p(x z /2. (3.5) 

Since (o n > A 0 and since p changes in steps of unity, it fol¬ 
lows that there is negligible mixing between |+) and |-) 
unless p=0. To put it another way, suppose p +0 and /||z 
initially. If 1 were to now switch to -z, Eq. (3.4) implies that 
the energy of the nuclei (and hence the total system) would 
change by Asp=pha) n $>A 0 . Since resonance occurs only 
between nearly degenerate states, we must have p= 0 . 

Thus, unlike an ohmic bath, the main effect of nuclear 
spins is not to renormalize A 0 . Instead, the amplitude of C(t) 
is reduced from its non dissipative value (which we shall 
calculate below) by / 0 , the probability for having p-0: 

/ 0 -(27rA/„) -1/2 [cosh(^w n /2)]~ Wn , (3.6) 


where fi=\lk B T. Since / 0 decreases rapidly with increasing 
N n , it pays to work with an element with almost no nuclear 
magnetism. For ferritin, although the abundance of 57 Fe is 
2.25%, giving AT„=101, we get / O =0.034 at 29.5 mK and 
w n /r«=50T. 

To include relaxation we argue that coherence will per¬ 
sist from time 0 to time t only if there are no nuclear ?, 
processes in this interval. If the T , time for one nuclear spin 
is T j,, C(t) will decay as the probability for no T ] pro¬ 
cesses, i.e., as exp {-t/N n T u ). With JV„=100, T u must be 
of order a few seconds for the resonance to be observable. 

[What about a state with p+ 0? Such a state can resonate 
only if al least p nuclear spins flip along with /. The fre¬ 
quency for this can be shown 15(b) to be of order 
^oN^ 2 ((o n /io e ) p <A 0 . This resonance also decays as 
exp(-f/A r „7' ln ), so most of the spectral weight in x" is 
shifted into a broad background near o>= 0 .] 

We now find and the resonant power absorption. As 
the ac field |H ac (f )|<^// 0 , the anisotropy field, it cannot cause 
direct |+)«->|-) transitions. Instead it shifts the |±) energies 
by + M 0 Hl c (t). Adding a perturbation term - M 0 H{ c (t)a z 
to Eq. (3.5) we obtain a standard NMR Hamiltonian. Intro¬ 
ducing T\ and T 2 for the MQC resonance itself (note that 
T\^T X „), and including the nuclear polarization reduction 
factor, we get 


x"(o>)=foN 


PA M\T 2 
8 h 1 + (<5T 2 ) 


2 > 


(3.7) 


where S is the detuning. 

From Ref. 18 (see especially the erratum), we have the 
actual power absorption as Trv r x"( v r )H\ c = 1.1 X 1(T 21 W. 
On the other hand, Eq. (3.7) predicts a peak power of 
7.1 X10 -25 W, 1500 times too small. In fact, we have over¬ 
estimated the expected signal size. First, there is randomness 
in the angle between H ac and M’s of different ferritin grains. 
Then, there are N p =8000 protons per ferritin. If we take the 
local field at the protons to be about 100 G, which is not 
unreasonable, the Zeeman splitting is 0.43 MHz, not so dif¬ 
ferent from v r . Hence, the net proton spin polarization must 
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also be quite small for MQC to occur, which reduces 
further. [The reduction factor is 11(2ttN p )~ ii2 =0.05, if we 
assume that states differing in energy by less than 2A can 
mix, which implies that the proton polarization must be less 
than 5.] There are simply not enough two-level systems in 
the MQC interpretation of the data in Ref. 18 to give the 
large absorption seen. A microscopic interpretation would 
not suffer from this problem, and seems less remote to the 
author. 19 
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Evidence for quantum mesoscopic tunneling in rare-earth layers 

M. J. O’Shea and P. Perera 

Department of Physics, Cardwell Hall, Kansas State University, Manhattan, Kansas 66506-2601 

We report on finite size effects and evidence for quantum mesoscopic tunneling (QMT) in thin 
isolated rare-earth layers prepared in the form of R /Mo multilayers where R represents Tb, Dy, or 
Dy 50 Co 50 . The magnetic transition temperature T c decreases with decreasing magnetic layer 
thickness and is discussed within a finite size scaling theory. Evidence for QMT is found in 
magnetic relaxation measurements in these systems with a sharp crossover to a 
temperature-independent magnetic relaxation regime at low temperatures. The Tb system has a 
crossover temperature T 0 of 20 K, the largest value reported so far for this crossover. 


When magnetic materials are prepared with one or more 
dimensions close to atomic dimensions, their properties are 
significantly modified by finite size effects and effects asso¬ 
ciated with their interface. New phenomena, not seen in the 
bulk, may also appear. In this work we discuss the properties 
of ultrathin rare-earth based layers and will show (i) that the 
transition temperature T c is depressed in thin layers due to 
finite size effects 1,2 and (ii) that there is evidence for quan¬ 
tum mesoscopic tunneling 3 via magnetic relaxation measure¬ 
ments. This latter phenomenon is the subject of much current 
research 3,4 and we find a crossover temperature T 0 , below 
which the magnetic viscosity is temperature independent, of 
20 K for the Tb system. This is the highest crossover tem¬ 
perature reported so far. 

The systems we report on here are of the form R(d 
nm)/Mo (18 nm) with at least five bilayers and are prepared 
by sputtering. R represents Dy, Dy 50 Co 50 , or Tb. Both Tb 
and Dy are ferromagnetically ordered at low temperatures, 5 
while Dy 50 Co 50 is ferrimagnetically ordered. 6 The Mo layer 
is thick enough that no interactions can occur between neigh¬ 
boring rare-earth layers so that they are magnetically iso¬ 
lated. We have previously reported on the magnetic anisot¬ 
ropy associated with the interface in some of these systems. 7 
Examples of x-ray diffractometers using CuiCa radiation at 
small angles and large angles are shown in Fig. 1 for selected 
Dy/Mo multilayers. A thinner Mo layer is used for the small- 
angle diffraction measurement so that the small-angle 
maxima associated with the bilayer spacing may be seen. 
The Dy layers are polycrystalline as can be seen from the 
presence of all the significant large angle peaks associated 
with the Dy hexagonal structure (peaks in the range 28°- 
36°). The peak at 41° is associated with the Mo body cen¬ 
tered cubic structure. For Dy layer thickness below about 30 
nm the crystalline peaks associated with hexagonal Dy be¬ 
come broad indicating structural disorder within the layer. 
The x-ray diffractograms for the Tb and Dy 5 oCo 50 systems 
confirm that they are also layered. While the intralayer struc¬ 
ture in Tb is polycrystalline like Dy, the intralayer structure 
for the Dy 50 Co 50 system is am .p. >us for all layer thick¬ 
nesses with only a broad maximum in the x ray diffracto- 
gram at large angles. 

Figure 2 shows field-cooled (FC) and zero-field-cooled 
(ZFC) magnetizations for selected samples from the Dy se¬ 
ries measured with increasing temperature. The applied field 
is in the plane of the multilayer so that demagnetization ef¬ 


fects are negligible. The value of T c , the magnetic transition 
temperature, is estimated from the initial rise in magnetiza¬ 
tion. A Curie-Weiss plot is shown as an inset in Fig. 2 and 
the Curie-Weiss temperature is determined by extrapo¬ 
lating the high-temperature linear portion of the plot to the 
temperature axis. Both T c and T cw agree within experimental 
error with the bulk values for Dy. Figure 3 shows a plot of T c 
versus Dy layer thickness. T c shows a gradual decrease with 
decreasing layer thickness and at about 10 nm decreases 
more rapidly. For systems with no anisotropy, T c should go 
to zero in the 2-d limit since it has been shown that no 
magnetic ordering exists for a 2-d Heisenberg system of 
spins. 8 Inclusion of anisotropy modifies this result and allows 
magnetic ordering to occur in 2-d. 9 It is expected from finite 
size scaling arguments that as the thickness of a magnetic 
layer is reduced, its transition temperature T c should show a 
reduction. 1 Such effects have been seen in some transition 
metal thin-film systems. 2 The dependence of T c on film 
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FIG. 1. X-ray d.ffractograms at small and large angles for selected Dy/Mo 
multilayers using Cu -Ka radiation. 
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FIG. 2. Field-cooled (FC) and zcro-field-cooled (ZFC) magnetizations in an 
applied field of 200 Oe for selected samples from the Dy (d nm)/Mo (18 
nm) multilayer series. The inset shows a Curie-Wciss plot. The solid lines 
are guides to the eye. 


thickness for thin films is expected to follow the finite size 
scaling relation 2 : 

[r c (oo)-r e («)]/r e (n)=[(«-«')/« 0 ]"\ (l) 

where 7' c (°°) is the bulk value of T c and T c (n) is the value of 
T c for a film of thickness n monolayers. n 0 and n' are mi¬ 
croscopic lengths of order the size of t unit cell, and X is an 
exponent to be determined. This exponent can also be calcu¬ 
lated and is —1.5 for a thin film assuming Ising spins. 10 The 
measurement of X serves as a test of the finite size model 
used to calculate it. The solid line of Fig. 3 represents a fit to 
Eq. (1) using data with d >5 nm (n>17). The values of X, 



d(nm) 


FIG. 3. Magnetic ordering temperature T c vs magnetic layer thickness for 
the Dy (d nm)/Mo (18 nm) multilayer series. The solid line represents a 
curve fit using Eq. (1). 


n 0 , and n' are 1.5,1.2, and 0.3 nm, respectively (assuming a 
monolayer is 0.3 nm) with error bars of 20%. The X is in 
agreement with the approximate theoretical prediction. The 
data deviate from the fitted curve at small t most likely be¬ 
cause the structure of the layer changes from crystalline to 
highly disordered as seen in x-ray difffactograms. These fit¬ 
ted values are close to those found for transition metal based 
thin layers. 2 

At low enough temperatures quantum tunneling rather 
than thermal excitation processes are predicted to dominate 
magnetic reversal. This tunneling process is often referred to 
as quantum mesoscopic tunneling (QMT) because the num¬ 
ber of atomic moments coherently tunneling is inferred to be 
of order 10 3 in systems studied so far. 4 Magnetic reversal 
processes involving QMT include magnetic reversal within a 
single domain and tunneling of a domain wall through a 
pinning site. 11 These processes are of fundamental interest 
and are also of practical interest since they may be important 
in devices of nanometer dimensions. 

In our thin films we expect that magnetic reversal is 
dominated by domain wall movement. Under these circum¬ 
stances the measured rate of magnetic relaxation when the 




FIG. 4. S(T), the magnetic viscosity, as a function of temperature for (a) Dy 
(90 nm)/Mo (18 nm) and (b) Tb (77 nm)/Mo (18 nm) multilayers for a 
measuring field of -100 Oe. The solid lines are guides to the eye. The inset 
in (a) shows an example of a logarithmic time (r) dependence of magneti¬ 
zation (M) at 8 K. The solid line represents a least-squares fit to the data. 
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applied field is switched from one value to another should be 
independent of temperature if domain wall motion occurs by 
quantum tunneling. We find that the time dependence of 
magnetization can be parameterized accurately by a logarith¬ 
mic decay at short times (<2X 10 3 s) thus 

M(t)=M 0 [l—S(T) In(f)]. (2) 

S(T), the magnetic viscosity, is a measure of the rate of 
change of magnetization. Both thermal relaxation and tun¬ 
neling will contribute to S(T). In this experiment the sample 
is field cooled to a temperature T in an applied field of 1000 
Oe. The applied field is then switched to a new value, in our 
case -100 Oe, and the magnetic relaxation M(t) is mea¬ 
sured. 

The inset of Fig. 4(a) shows the time dependence of 
M{T) for the Dy (90 nm)/Mo (18 nm) multilayer at 1=8 K 
and as can be seen it conforms to a logarithmic dependence 
on time. S(T)-(l/M 0 )dMld ln(/) is determined from the 
slope and the solid line in the insert of Fig. 4(a) is a least- 
squares fit. Figure 4 shows the calculated S(T) from the 
relaxation measurements as a function of temperature for a 
Dy and a Tb multilayer. For the Dy multilayer there is a 
crossover at 6 K to a regime where S(T) is independent of 
temperature within our experimenta' “"•* r In the case of the 
Tb multilayer where we have data c Ide range of tem¬ 
peratures in the temperature-indepei: • regime, it can be 
seen that the crossover from the temperature dependent to 
temperature-independent region is sharp within the accuracy 
of our experiment. This sharpness, expected from QMT if 
dissipation is not important, together with the temperature- 
independent S(T) is strong evidence in favor of a QMT in¬ 
terpretation of these results in these systems. 

There is a large difference in the crossover temperatures 
T 0 for the Tb and the Dy system with Tb, at 20 K, being 
considerably larger than Dy at 6 K. We note that while we 


have considered a QMT interpret- • in of these results, theo¬ 
retical estimates in the limit ot :.<rge anisotropy predict T 0 
should be proportional to the atomic moment and the square 
root of the product of the planar and c-axis anisotropy. 11 For 
Dy and Tb the c-axis anisotropies are 5X10 8 and 5.5 X10 8 
ergs/cc, respectively, and the planar anisotropies are 7.5 X10 6 
and 2.4X10 6 ergs/cc, respectively. 12 Since the magnetic mo¬ 
ments of Tb and Dy are within 8% of each other this simple 
model suggests that Dy should have a higher T (j and Tb and 
so is unable to explain the large value of T 0 for Tb compared 
to Dy. We are currently preparing other anisotropic elemental 
rare earths in layer form to determine if any correlation exists 
between the microscopic magnetic anisotropy and the mea¬ 
sured T 0 . 

This work was supported by NSF OSR92-55223 and 
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Bloch states of a Bloch wall 

Hans-Benjamin Braun and Daniel Loss 

Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada 

Bloch walls in mesoscopic ferromagnets can tunnel between periodically arranged pinning sites 
leading to a Bloch band. The quantum spin phase gives rise to a spin parity dependent shift in the 
dispersion. Static external magnetic fields induce magnetization oscillations and provide a magnetic 
analogue of the Josephson effect. 


The possibility of macroscopic quantum tunneling in 
small magnetic particle has attracted much interest both 
theoretically 1,2 and experimentally. 3,4 Susceptibility 
measurements 4 on small antiferromagnetic grains of diam¬ 
eter =70 A have shown coherent quantum tunneling of the 
sublattice magnetization through an anisotropy barrier. On 
the other hand, ferromagnetic domain walls exhibit a high 
mobility and low coercivities, facts that renders them suit¬ 
able candidates for displaying macroscopic quantum phe¬ 
nomena (MQP). It has been proposed 5 that domain walls can 
collectively tunnel out of a single pinning potential by apply¬ 
ing an external magnetic field. 

In this paper we focus on another possible manifestation 
of MQP: the coherent tunneling of a Bloch wall between 
periodically arranged pinning centers in an insulating ferro- 
magnet. Such pinning centers can be caused by the discrete¬ 
ness of the lattice itself or by a magnetic superlattice created, 
e.g., by ion substitution. We show that there is a finite tun¬ 
neling probability of the Bloch wall between pinning sites 
and that, as a result, the low-energy states will form a Bloch 
band. The topological term gives rise to a shift in the band 
structure depending on spin quantum number and pinning 
separation. We determine the bandwidth and show that the 
decohering effect of the spin waves is negligible below 100 
mK for typical material parameters. In addition we demon¬ 
strate that a constant magnetic field induces magnetization 
oscillations in analogy to Bloch oscillations of a Bloch elec¬ 
tron in a uniform electric field. This “magnetic Josephson 
effect” does not have a classical counterpart and thus pro¬ 
vides a unique signature of macroscopic quantum coherence. 
To observe domain wall tunneling, the wall area has to be 
small. Thus we consider elongated particles (or ferromag¬ 
netic “wires”) of length L with a cross-sectional area of 
about 100 nm 2 . For these lateral dimensions and at tempera¬ 
tures of interest, transverse spin waves are completely frozen 
out and the system behaves effectively one-dimensional. 

Consider a Heisenberg Hamiltonian with anisotropies on 
a simple cubic lattice with lattice constant a 

sv=-}2 s.-s r k,2 (s y ,) 2 +k£ (s z t ) 2 , (i) 

('./> i , 

where S, is the spin operator at the <th lattice site. The first 
term describes nearest-neighbor interaction with exchange 
constant J; the next terms represents easy- and hard-axis 
anisotropies with constants K z >K y > 0. For thin long slabs 
of materials like YIG, K z originates from shape anisotropy. 
For the ID approximation to hold, the sample should have 
lateral dimensions smaller than the minimal length scale 


a[j/k z ] 112 . Next, we introduce coherent spin states defined 
by fI,-S,|ll I )=5|ft,), where S is the spin quantum number 
(units such that h= 1) and 11=(sin 9 cos <f>, sin 0sin </>, 
cos 6) is a vector on the unit sphere. 

To find the tunneling rate it is appropriate to consider the 
imaginary time transition amplitude between two coherent 
state configurations expressed as a path integral, 


<{n*}|e-n{<U> = f &<f>3(cos (2) 

The Euclidean action is given by 


f/? fi/2 

S£[<M]= dT\ dx 
Jo J-L /2 


iN A - d T (f){ 1 - cos 0) + 3*6 


(3) 


and contains the energy density 

36=N a {J[ sin 2 8(d x (f>) 2 + (d x 8) 2 ] 

-.^(sin 2 0 sin 2 (f>-l]+K z cos 2 0}, (4) 

where J=JS 2 a, K y , z =K yz S 2 /a. The first term in the inte¬ 
grand of Eq. (3) arises from the overlap of the coherent spin 
states at adjacent imaginary time steps. For a single spin and 
for closed trajectories it has the form of a Berry phase. The 
term « cos 9d r 4> together with the energy density 3*6 repro¬ 
duces in saddle point approximation SS E =0 the micromag- 
netic Landau-Lifshitz equations. According to our micro¬ 
scopic derivation, there is an additional term a <9 r (/> which, as 
a total derivative, does not affect the classical equations of 
motion. However, in quantum mechanics all paths contribute 
to the transition amplitude Eq. (2) and therefore this term can 
lead to interference effects. 6 
The Bloch wall 


<Po(x)= - tt/ 2 + 2 lan~ 1 (e x,s ), (5) 

is confined to the easy-plane 9=tt/2 and is a solution of 
<5S f =0 which connects two differen t easy -axis anisotropy 
minima within the wall width S = \jj/K y . It is degenerate 
with all Bloch walls 4>§{x-X) that arise by a rig id transla¬ 
tion by X which have the energy E 0 = 4 N A \JK y . 

We now focus on the decohering influence of the spin 
waves on the motion of the domain wall. A moving Bloch 
wall induces scattering between the spin wave states and thus 
affects the quantum coherence of the system. To investigate 
this effect quantitatively, we can introduce small fluctuations 
around the moving Bloch wall and construct an effective 
action for the Bloch wall position X. For simplicity and since 
the hard-axis anisotropy is large in high-purity materials such 
as YIG, we first eliminate the out of easy-plane degree of 
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freedom. Expanding Eq. (3) to second order in p 
scos 6-tt /2 and performing the resulting Gaussian inte¬ 
grals, the transition amplitude Eq. (2) takes the form 
J^#exp{-S SG } with the sine-Gordon (SG) action 


SsgW=N a f 


drdx 


i - d T (f>+ K{d T 4>) 2 +J{d x <f>Y 
a 


+K y cos 2 4>\, 


( 6 ) 


including a topological term «d tf>. The elimination of the out 
of easy-plane fluctuations gives rise to the kinetic term 
K(d T 4>) 2 with K-S 2 /(4K z a 2 ). The action of Eq. (6) correctly 
reproduces the long-wavelength excitations of Eq. (3) to or¬ 
der ${KylK z ). The “velocity of light” c = \J7Jk in the SG 
model is the asymptotic spin wave velocity. 

Spin wave fluctuations around the Bloch wall Eq. (5) 
(which also satisfies <5S so =0) are described by 


ing kernel. In this case damping leads to a small renormal¬ 
ization of the Doring mass of the order 0(1/N A S) and shall 
therefore be neglected henceforth. 

We now turn to the tunneling of a Bloch wall in a peri¬ 
odic array of pinning sites with distance d that is assumed to 
be an integral multiple of a. Such pinning sites can be incor¬ 
porated into the action (6) by substituting K y with the term 
K y -K„lZ n 8(x-nd). If the domain wall center (at which the 
easy-axis anisotropy is maximally frustrated) coincides with 
one of these pinning sites, the energy will be lowered and the 
domain wall becomes pinned. Then inserting Eq. (7) with 
Eq. (5) into this new action and assuming that d<8, we 
recognize that pinning can be described by adding the poten¬ 
tial 2V 0 fdr sin 2 (irXld) to Eq. (8). The resulting action is 
now equivalent to the action of a single particle in a periodic 
potential, e.g., like an electron in a crystal potential. The 
topological term then plays the role of the electromagnetic 
gauge potential. Performing an instanton calculation 9 we can 
then extract the dispersion relation for Bloch wall states 


<f>{x, r) = <f> 0 (x-X) + <p(x-X, t). 


(7) e(*)=-A/2 CQs{kd+TTSN A d/a), (9) 


Here X(t) represents the instantaneous position of the Bloch 
wall. Since a rigid translation of the Bloch wall is already 
described by the coordinate X in the first term on the rhs of 
Eq. (7), the spin waves <p do not contain the zero energy 
“Goldstone mode” d<f> 0 ldx. Maintaining this constraint, Eq. 
(7) can be inserted into S SG and the transition amplitude 
/^exp{-S so } can be brought to a form with X and <p as 
independent variables. Note that this constraint gives rise to 
a nontrivial Faddeev-Popov determinant, which, however, 
leads to a correction of order 0(l/N A S)? In contrast to the 
standard Caldeira-Leggett model which contains a coupling 
which is linear in both the system and environment variables, 
the coupling occurs here to second order in the spin wave 
amplitudes. Nevertheless, we can eliminate the spin waves 8 
and obtain the following effective action for the Bloch wall 
coordinate 

(P f N A . M . ) 

S x = I dA-iirS-X+—X 2 

Jo ( a 2 

+ 2 J o dr j^daK{r- <t)[X(t)-X((x)] 2 . (8) 

The first term is the topological term while the second term 
is the kinetic energy of the Bloch wall where M=4N a k/8 is 
the Doring mass. The third term is the damping term due to 
the scattering of spin waves. For low temperatures, the 
damping kernel takes the Caldeira-Leggett form 
K(r) = (l/TT)^doxf(o))D a (T) with D 0) (r) = e~ *M The 
spectral function is g iven by J(«) = (o>/28c)@(co 
-2 cl8) \J<d 2 -(2c/S) 2 and reflects the anisotropy gap of the 
spin wave excitations. Thus the damping effect of the spin 
waves can indeed be treated within a Caldeira-Leggett 
model although the underlying microscopic coupling in¬ 
volves term which is second order in the magnons (see also 
Appendix C of Ref. 7). 

As we shall see below, the characteristic time scale of X 
is much larger than the decay time t c - 81 (2 c) of the damp- 


where the bandwidth is given by A = 4w ,\IS 0 / 2tt 
X exp(-S 0 ) with insta nton ac tion S 0 =(4/Tr)d\]V 0 M and 
frequency u> l -(2'nld)^V [) IM. The topological phase thus 
induces a shift in the dispersion by irSN A dla. 

To give some quantitative estimates of this effect we 
consider material parameters (at T=0) of YIG: 
J=1.65X10~ 21 erg cm, K y =9.61X10 _11 erg/cm, where a 
cell with lattice constant a- 6.2 A contains one S=5/2 spin 
implying a saturation magnetization of A/ 0 =194 Oe (i.e., 
K r =2irA/ofl 2 =9.lXlCT 10 erg/cm), wall width 5=414 A, 
and spin wave velocity c=6X10 4 cm/s. 

An external field in the direction of the easy axis induces 
a Zeeman coupling term which has to be 

added to the action Eq. (8). The potential strength is related 
to the coercivity H c , at which the barrier vanishes, via 
Vdy8-MoH c dhr. If we choose d=3a and H c =2 Oe, we 
have o) / =1.45xl0 1 ° s -1 , and |A/c| ; S2w / r ( ,d/Tr8=2X10 _2 . 
For N a =* 260, the domain wall contains N A 8/a—\JXl0 A 
tunneling spins, and the bandwidth is A/fi=5Xl0 5 s“‘. For 
d=a, the bandwidth becomes A//i=6X10 9 s _1 . 

Next, we address some striking experimental conse¬ 
quences resulting from this Bloch band structure: Bloch os¬ 
cillations and the magnetic equivalent of the Josephson effect 
where a constant external magnetic field H along the easy 
axis induces an oscillatory magnetization. 

Let us recall that the effective behavior of the domain 
wall in the presence of a periodic pinning array corresponds 
to the behavior of a single Bloch particle in the presence of a 
periodic potential and can be described by an effective 
Hamiltonian, P 2 /2M + 2V 0 sin 2 (rX/d), where P is the mo¬ 
mentum operator conjugate to the wall position X, and V 0 is 
given above. We choose d=3 a and for simplicity we assume 
SN A d/a to be an even integer and thus drop the topological 
term. The corresponding kinetic energy of the unperturbed 
(V" 0 =0) Bloch particle at the zone boundaries, k~ ± irld, is 
given by e^=(h 2 I2 M)(ttI d) 2 =\Q mK k B , for the particular 
parameter values chosen above for YIG. Thus we find that 
e o /V' c =0.06, and hence we are in the tight binding limit (as 
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opposed to the nearly free limit) where the Bloch particle is 
strongly localized around the potential minima, and with 
band stru cture E q. (9). The lowest band gap E G is of the 
order of \/2e 0 V 0 = 0.35 Vo, and thus much larger than the 
band width A, since A/V r 0 =2.5XlO -5 . Next we consider a 
dynamic situation and apply to the sample an external mag¬ 
netic field with H the component along the easy axis. This 
field drives the domain wall via the Zeeman term, 
FX=2J$MqHX. From the standard semiclassical equation 
of motions for a Bloch particle, 8,10 given by 

1 de 

V= hJk = V ° sin W*M> 

where u 0 =A5/(2ft), and hic=F, we then find that for con¬ 
stant H the domain wall position X(t) performs Bloch oscil¬ 
lations of amplitude SX-A/F and Bloch frequency 
(o B =Fdlh . These Bloch oscillations result then in oscilla¬ 
tions of the magnetization along the easy axis, with ampli¬ 
tude SM=2N A gfi B (S/a)SX, and with the same Bloch fre¬ 
quency o ) B . Let us now give some illustrative numbers for 
the set of values ( H,w B ,SX,SM): A=(2X10~ 5 Oe, 5X10 6 
s' 1 , a =6.2 A, 2600 fi B ), B={ 10" 5 Oe, 5X10 5 s' 1 , d=3a 
= 18.6 A, 7800 /j, b ), C=(7X10" 7 Oe, 2X10 4 s' 1 , 5=414 A, 
2X10 5 n B ), and£)=(10“ 10 Oe, 8 s' 1 ,0.2 mm, 10 9 fi B ). Thus 
we see that the smaller the applied field, the larger is the 
oscillatory response, clearly a striking and unique quantum 
signature without classical counterpart. Note that these Bloch 
oscillations are the magnetic analogue of the Josephson ef¬ 
fect: a driving constant field ( H ) results in an oscillatory 
response (magnetization). Moreover, if the external field is 
oscillatory in time we expect to see resonance effects in the 
magnetization. 

Very similar to recent experiments on magnetic grains, 4 
observations could be performed on ensembles consisting of 
many identical particles (say 10-100 for case B), by using 
superconducting quantum interference device (SQUID) mag¬ 
netometers. If the particles are well separated, the Bloch os¬ 


cillations are independent and in phase. Thus the magnetiza¬ 
tion oscillations add up coherently irrespective of the 
individual easy-axis orientations. To minimize a broadening 
of the Bloch period the spread of the particle size distribution 
should be small. 

We emphasize that for the above field values Zener in¬ 
terband transitions can be safely ignored even for astronomi¬ 
cally long observation times. Indeed, the Zener tunneling 
probability is given by P=e~ A , with WKB exponent 
A = 7t 2 £c/(4 e 0 Fd) >8X10 4 , if//<4X10' 5 Oe, and thus 
a) B P is virtually zero for the above values. Zener transitions 
occur when P becomes of order one, i.e., H**H C =2 Oe; in 
this case the Bloch oscillations vanish and the domain wall 
runs down the pinning “washboard potential.” 

Finally, preliminary theoretical results 8 suggest that the 
presence of dissipative effects due to magnons and phonons 
is negligible also for the dynamics of Bloch oscilhtions. The 
fact that damping can be expected to be weak is also sup¬ 
ported by the recent observation of macroscopic quantum 
coherence in small magnetic grains over very long times. 4 
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Magnetic properties of cubic F? X Y 1 _ x Ai 2 (f?=Dy, Tb) intermetaliic random 
anisotropy magnets (invited) 
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Unidad de Magnetismo, Departamento de Fisica de la Materia Condensada and ICMA, Universidad de 

Zaragoza and CSIC, 50009 Zaragoza, Spain 

P. M. Gehring 

Department of Physics, Brookhaven National Laboratory, Upton, New York 11793 

A short review is made of the key magnetic properties of dilute cubic (R=Tb, Dy) 

intermetallics, in order to show their main magnetic features. Dilution by Y introduces a weak 
random magnetic anisotropy (RMA). The rich magnetic phase diagram is described, including 
paramagnetic (P), spin glass (SG), correlated spin glass (CSG), random ferromagnetic (RFM), and 
ferromagnetic (F) phases, with a triple point and two multicritical ones. The paper deals with the 
induced macroscopic magnetic anisotropy cooling in a magnetic field below T so or r CSG transition 
temperatures, which can be either unidirectional or uniaxial or both. High-field (3 T) 
magnetostriction in Tb series shows, for *=0.48, 0.59, 0.87, a decrease of the Callen a exponent 
( \,~m a , m=reduced magnetization) below 3. The Sompolinsky irreversibility parameter A has 
been determined for the Tb series in the SG regime, and a replica model is presented to explain the 
A(T) dependence. The character of the P->SG or P—*CSG transitions is addressed, through the 
scaling of nonlinear susceptibility (SG regime) or a ferromagnetic-like scaling of magnetization, 
respectively. From quasielastic neutron scattering around Q=[l,l,l] we determine the temperature 
dependence of the magnetic correlation length in Dy 0 8 Y 0 2 Al 2 , which peaks, but does not diverge 
at T c . A magnon excitation at 3.5 meV is reported for *=0.8. 


I. INTRODUCTION 

R x Yj_ x A 1 2 (R=Dy, Tb) are crystalline cubic Laves 
phase compounds. We have extensively studied their mag¬ 
netic properties using as probes: low- and high-field magne¬ 
tization, ac magnetic susceptibility, ferromagnetic-like scal¬ 
ings, law of approach to saturation, 1 Arrott plots, observation 
of transition lines, existence of Edwards-Anderson (EA) 
parameter, 2 hysteresis, 3 magnetic anisotropy measurements, 4 
Bragg and small-angle neutron scattering (SANS), 5 and 
magnetostriction. 6 These measurements have revealed the 
compounds as weak random magnetic anisotropy (RMA) 
systems, exhibiting a very rich variety of magnetic phases 
and transitions, 7 likely never observed together in a RMA 
system. Of the possible origins for the RMA, the most likely 
is the strong magnetoelastic coupling, because of the local 
strains introduced by the Y 3+ substitutions. 1 In Fig. 1 we 
show the magnetic phase diagrams (MPD) for the Dy and Tb 
series. The Dy system exhibits paramagnetic (P), spin glass 
(SG), and correlated spin glass (CSG) phases, with a triple 
point (TP) at x^O.SO. 1 At 0 K a first-order transition from 
CSG to ferromagnet (FM), driven by coherent cubic anisot¬ 
ropy, is observed at *,=0.62, remaining up to *,' = 0.87, 
where the FM phase extends up to the line boundary FM-P, 
with a tricritical point at T' = 45.4 K. 7 At *,=0.62, a bound¬ 
ary between CSG and a quasiferromagnetic or random ferro¬ 
magnetic phase (RFM) appears, with an ending tricritical 
point at T,=29.5 K. For *>*, the line of transitions RFM-P 
shows a crossover exponent d> A =0.80±0.08. 7 Lg W 0 f a p_ 
proach to saturation allows an estimation of D/J 0 , e.g., 
«0.04 for *=0.83, between the strength of the random crys¬ 
tal field (CEF) D, and the positive exchange interaction J 0 
according to positive paramagnetic Curie temperature 6. An 
increase of such ratio with decreasing * is likely. 1,7 The MPD 


of Tb x Y! _ X A1 2 has not been yet explored in such detail, only 
up to *=0.50, showing P, SG, CSG phases (see Fig. 1), with 
a TP at * tr =0.27, T tr =8.6 K. 8 

The aim of this paper is to present the magnetic proper¬ 
ties of the RMA system R x Yi _ X A1 2 (Dy, Tb), showing some 
previous work and adding new results recently obtained. In 
particular: the field-induced macroscopic anisotropy in 
Dy x Y!_ x Al 2 , together with rotational hysteresis found (Sec. 
II); CEF origin magnetostriction, showing that in Callen’s 9 
mp law in Tb x Y 1 _ x Al 2 , p <3 (Sec. Ill); the Sompolinsky 10 
irreversibility order parameter A in Tb series (Sec. IV); as¬ 
pects of the critical behavior at the P-SG and P-CSG transi¬ 
tions in Tb series, from magnetization measurements, to¬ 
gether with neutron scattering around T c (P-+CSG or RFM) 



FIG. 1. Magnetic phase diagram for Dy^Y, -,Ai 2 compounds. Inset: the 
Tb,Y 1 _ 1 Al 2 one [(O) from ac susceptibility; (♦) from the “branching 
points” of Fig. 4(b)). 
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in the Dy series, and the magnetic correlation length tem¬ 
perature dependence. The amount of work reported is large, 
and the presentation is succinct. 

II. FIELD-INDUCED MACROSCOPIC ANISOTROPY 
AND ROTATIONAL HYSTERESIS 

We will address three points: the symmetry of the field- 
induced macroscopic anisotropy (FIMA), the rotational hys¬ 
teresis of anisotropy torque, and the differences in the torque 
curve symmetries, when cooling above or below the coercive 
field. The samples were single crystals of Dy x Y 1 _^Al 2 (x 
=0.3,0.4,0.6), i.e., at the CSG phase. The anisotropy torque 
L k was measured from the magnetization perpendicular to 
the rotating magnetic field B on plane (110), because 
L k =M x B. A complication is the coherent cubic anisotropy 
(CA), which was averaged out by measuring in fields so 
weak as to have the crystals divided in six (100) domains, so 
that (M 1 )=0, for the sample average spontaneous magneti¬ 
zation. We developed 4 a model, based on Henley et al. and 
Saslow 11 ones, which predicts the appearance of FIMA an¬ 
isotropy both unidirectional (UD) and uniaxial (UA). Start¬ 
ing with the Hamiltonian, 

tf=Jo2 SfSf+D 2 («fS“) 2 , (2-D 

a,p i,a 

‘<i 

where a, are the local RMA easy axes (EA), i stands for 
sites, and a for spin components. It is possible to show 4 from 
Eq. (2.1) that the FIMA energy becomes, 

£* RMA = —K rma cos 6 - 2/C R ma cos 2 0, (2.2) 

with Krma = (4/15)N(D 2 /J 0 ) (N, ion number per unit vol¬ 
ume). To this energy me must add the CA, so the total an¬ 
isotropy torque becomes 

r(0) = -/C RMA (sin 0+2 sin20)-(Ki/4 + K 2 /64) 

Xsin 20-(3JCi/'8+/C 2 /16)sin 40H— , (2.3) 

where K t ,K 2 are CA constants, about 10 3 higher than K riMA • 

We did two experiments: cooling in the low measuring 
field, H m and cooling in a larger field H K > 1 kOe and mea¬ 
suring in the lower one (H FC ||(100), easy axis). In addition 
Hf C car be larger or smaller than the coercive field H c , 1 ’ 2 
which makes two different situations. The magnetization will 
be M=*H+M r , where x is the isotropic cubic susceptibility 
and M r , the remanent magnetization after FC, which can be 
a complicated object, (i) We first address the case when both 
UD and UA FIMA’s have been produced. In Fig. 2(a) we 
show the torque curves for x=0.30, 0.40 below T c for FC 
and H m = 0.25 kOe, above H c . At this field, and K 2 are 
very small. Fourier analysis of F shows sin 0 and sin 20 
components, indicating the presence of both anisotropies, al¬ 
though for x=0.4 the the UD character is stronger. Extrapo¬ 
lation to H m = 0 of K RUA (H m ) obtained from the T(0)sin 0 
component amounts to 127 and 225 J/m 3 , respectively, at 3.8 
K. We notice that the T 2 coefficient (of sin 20) is not 2T\ (of 
sin 0), because of the CA contamination, which practically 
disappears below =0.70 kOe. In fact a combined plot of 
r 2 -2Ti and {K X I4+K 2 IM) gives a linear relation, extrapo- 



0 90 180 270 360 

(b) tp (degrees) 


2 ^xlO 2 

** m 

/ n 


-l 

-2 


Dy Y Al \ 

■'0.4 0.6 2 ! 

T=3.8K 


•* s. I 

h* vv 

ri * 


m ^-0? 


J 


(c) 


90 180 270 

(p (degrees) 


360 


FIG. 2. (a) Magnetic anisotropy torque vs 0 angle curves for Dy^Y^Ab: 
*=0.30, (•); * =0.40 (O). The full lines arc the theoretical fits, according to 
Eq. (2.3). (b) Torque curves vs if angle for Dy 0 60 Y 0 4 o A l 2 > lor applied fields: 
(O) 0.23 kOe, (•) 1.0 kOe. The cooling field was 3 kOe (sec meaning of ip 
in text), (c) Torque curves vs if angle for Dy 0 4( ,Yo so+b f° r applied field 80 
Oe. The arrows show the sense of successive rotations. The cooling field 
was 1 kOe. 


lating to zero. Model Eq. (2.2) has thus been established. 
Notice the existence of a constant torque T 0 whose origin 
should be a M r component, rotating in phase with H, limited 
by the shortest spin relaxation times, (ii) A second point is 
that there is a crossover from H m <H c to H m >H c , i.e., from 
unidirectional plus uniaxial FIMA’s to unidirectional alone 
[ 7 r and 2ir periods in T(<p) curves, respectively, where <p in 
the rotating field angle]. These experiments were done with 
H fC >H c . This is shown in Fig. 2(b) for x=0.6, where 
H c = 0.39 kOe at T=3.8 K and tf FC =3 kOe, in going from 
H m = 0.23 to 1.0 kOe. The same behavior is observed for the 
other concentrations. In the first situation (H m <H c ), M r re¬ 
mains fixed along (100) cooling direction, whereas in the 
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second one M r splits in three components: one fixed to (100) 
(Tj torque), a rotating one out of phase with H (r 2 torque), 
and one at a constant angle with H (r 0 torque), due to the 
mechanism suggested. 

From AT rma one obtains D 2 /J 0 (=0.007 and 0.01 K for 
*=0.3 and 0.4, respectively), which allows a separate esti¬ 
mation of D and 7 0 . Since we found above that D/J 0 = 0.04, 
we now have D=0.2 K and J 0 =5 K. (iii) We now consider 
the rotational hysteresis, which suggests metastable states in 
these RMA systems. In Fig. 2(c) we notice, for *=0.4, 
H fC =1 kOe and H m =0.080 kOe, at 3.8 K, a strong hyster¬ 
esis (<p=0 to ir) between the first clockwise rotation and the 
second counterclockwise rotation, the hysteresis disappear¬ 
ing afterwards. An explanation for the transient in the initial 
L k (<p) curve is that the spins with the shortest relaxation 
times easily follow the field, the slowest ones following it 
later on (curves II and III). The hysteresis increases strongly 
when H m >H c , as expected. Similar behavior is found for 
the other concentrations. 


III. MAGNETOSTRICTION: VIOLATION OF m 3 LAW 

It has been predicted 12 that when the local RMA field 
satisfies H KMA >H, but H<&H n (H and H ex are the applied 
and exchange fields, respectively), so one is in the ferromag- 
net with wandering axis regime (FWA), 13 that noticeable de¬ 
viations from the Callen and Callen 9 law for CEF-origin 
shape magnetostriction X, are expected: k,~m p , with p< 3, 
m=M(T)/M( 0) being the reduced magnetization. It can be 
shown that 12 

K(T) ((0° 2 ( J))) c M(T) ((0°)) c 

M0) <0$(J)) C ’ M( 0) ~(dT) 7’ {3 ' 1} 

where 0 2 and O” are Stevens operators, functions of the 
angular momentum J, (•••) is the thermal average and (•••)<. 
is the average over the local easy axis disorder. For large 7, 
we express O 0 n in terms of site spin wave (sw) deviation 
operators, a,a + , but introducing c and c + numbers repre¬ 
senting the static spin deviations, writing 
a = (l + u)ar+i>a + + c, where the (u,v) numbers account 
for sw scattering by the RMA disorder, and a are Bose op¬ 
erators. Then it can be shown that in the FWA regime, where 
sw are proper: 

M(T) 1 -r l ((a + a)) c 

M( 0) W-^cc^+^J’ 

and 


«0 2 oO r ’))) c =37 2 -7(J + l)-3(27-l)((« + a )) c 


+ 6J 2 [\- m(T)] 2 , 


with m(T) = ((J z )) c /J. Combining the above four equations 
gives 12 


K(T) 

X,(0) 


M(T) 


M( 0 ) 


(3.2) 


where 


3[7(27-l)-6<57 + <5(l + 4<S)] 
P ~ [7(27- 1)-657 + 35(1 + 25)] ’ 



FIG. 3. Double logarithmic plots of magnetostriction X,(7) vs M(T), at 
77=3 T, and for T<20 K, for Tb^.^Alj, for x=0.49 (*), 0.60 (O), 0.87 
(•), and 1(A) compounds. The slopes give the exponent p [see Eq. (3.2)]. 


with 5=7[1 -rn(O)], proportional to the RMA disorder 0 K 
magnetization quantum defect A(0)=l-m(0). The important 
result is that p< 3. 

We have searched for this m 3 violation in Tb Jt Y 1 _^Al 2 
(*=0.49, 0.60, and 0.87) compounds, measuring \,(T) and 
M(T ) up to 12 T, from 1.5 K. In Fig. 3(a) we show low- 
temperature (T<20 K) plots of X, vs M at 77=3 T, where we 
can assume H>H RMA . From them we obtain the p values: 
2.3 (*=0.49); 2.7 (*=0.60); 2.65 (0.87), smaller than for the 
good ferromagnet TbAl 2 , />=3.0±0.1. As expected, p in¬ 
creases with H, becoming quite close to 3 for H = 12 T. Also, 
from p expression we can evaluate A(0):0.24 (*=0.49); 0.16 
(*=0.60); 0.18 (*=0.87). These values are slightly higher 
than those obtained from the ratio M(0,H)/NgJ p B :0.19, 
0.16, and 0.12 respectively, this reduction likely being due to 
the magnetization induced by the strong cubic anisotropy. 
Notice that the extrapolated 0 K Tb 3+ magnetic moment in 
Tb*Yj_ x Al 2 is unquenched, 14 (9.0±0.3) p B , allowing us to 
take A/(0)=Ng//x, s , i.e., excluding RMA effects. 


IV. FC AND ZFC MAGNETIZATION IRREVERSIBILITY: 
ASSOCIATED ORDER PARAMETER A 

Our best studied system demonstrating the irreversibility 
between FC and ZFC magnetizations is Tb, for 
0.15^* =£0.50. The behavior is quite different in the SG and 
CSG regimes. At CSG regime one observes [Fig. 4(a)] a 
branching point between FC and ZFC magnetizations at T c , 
followed by a broad maximum for the ZFC isofield, both 
magnetizations rapidly decreasing when approaching r SG . 
For SG regime, only a branching point is observed coinci¬ 
dent with the cusp [Fig. 4(b)], The M Z¥C -M fC difference 
decreases with increasing field, finally merging. Strong re¬ 
laxation was found for H=H C , at the ZFC branch, for both 
SG and CSG regimes. 

The usual order parameter considered for SG systems is 
that of Edwards-Anderson (EA), q, conveniently redefined 15 
for RMA systems. Although useful, there are difficulties with 
q : it has nonzero value for T>T SC even at zero applied field, 
and there are subtle theoretical difficulties with the replica 
method. Therefore it seems worthwhile to use the FC-ZFC 
irreversibility to define an additional order parameter, in the 
way proposed by Sompolinsky 10 using a dynamical model 
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FIG. 4. (a) Field-cool (FC) and zero-field-cool (ZFC) isofield curves forTb 04J Y 0 5 jAl 2 compounds at increasing fields, (b) The same as (a) for Tb,Y,_jAl 2 : 
(•), *=0.25 at H =26 Oe; (+), *=0.15 at H= 3.6 Oc. The full lines are the theoretical calculations for the xk susceptibility, (c) Reduced magnetization 
Af(T,12T)/Af(0,12T) forTbjY^A'j: (•), *=0.15; (O), *=0.25. The full lines are the theoretical fits (see text for details), (d) Irreversibility order parameter 
A vs temperature for Tb^Yi-^Alj: *=0.15 (•), H= 3.6 Oe; *=0.25 (O), H =26 Oe (see text for details). The full line is the theoretical calculation. 


where time-variable spin noise and time-persistent noise due 
to RMA are combined with TAP 16 theory. The resulting irre¬ 
versibility parameter A becomes 

T 

A-^ (Xfc - A(zfc)> (^-1) 


where * FC and Xzfc are l° w field susceptibilities and C is the 
Curie constant. The equilibrium * FC susceptibility is ame¬ 
nable to calculation as ( M/H ) for very small //(few Oe). We 
developed a replica-MF model for RMA systems 15 where 
M(T,H)=Ngp, B ((J z )) c has the form 


_I 

_ f" dx _ x2/2 J:(J z exp{aJ 2 +[yx + p6(g-l) 2 m/g + pgp, B H]J z }) 

{{ z))c J-°° \j2n 6 Tr exp[• • • ] 


(4.2) 


with )3=1 /K b T and m=M(Np B )~ l . The parameters a and 
y depend 15 on the CEF parameter D, on the quadrupolar 
moment p=({J 2 )) c , and on q = ({J z ) 2 ) c . 6=zJ 0 is the para¬ 
magnetic Curie temperature, and z is the R 3+ NN number. 
Then, to evaluate M, p, and q, we need a knowledge of the 
parameters 7 0 and D. We obtain D from the condition 
<?(7 sg> 0) = 0 by extrapolation, and we obtain J 0 , together 
with a refinement of D, from a self-consistent calculation of 
M, q, and p, and fitting M(T,H) to the experiment. In Fig. 
4(c) we show the high-field (12 T) measurements of M(T) 
for x=0.15 and 0.25, together with the best theoretical fits. 
The resulting values were for*=0.15, £>=0.5 K, and J 0 =16 
K (z=0.6), and for x=0.25, D =0.7 K, and 70=18 K (z=l). 


In Fig. 4(d) we present A (T) for both x, at //=3.6 and 26 
Oe, respectively: note that A(r SG 7/)=0. Figure 4(b) shows 
Xrcfr), calculated from Eq. (4.2) for those fields. From Eq. 
(4.1) we have calculated A (T) for both compounds, the 
agreement with experiment is reasonably good [Fig. 4(d)]. 

V. CRITICAL BEHAVIOR, PHASE TRANSITIONS, AND 
NEUTRON SCATTERING 

A still open question is if a RMA spin glass undergoes at 
T’sg a phase transition. The answer can be obtained by a 
scaling analysis of the nonlinear susceptibility * NL , which is 
proportional to the singular component of q. 2,17 Similarly for 
the CSG or RFM phases one is tempted to see if the magneti- 
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(d) Temperature (K) 


FIG. 5. (al) Nonlinear susceptibility * NL vs temperature forTb 025 Yo 7 jAl 2 at increasing magnetic fields; (a2) double logarithmic (fr,y s ) scaling for x =0.25; 
(a3) the same as (a2), (S, ,$,) plot. H, is the internal field, (bl) Double logarithmic ferromagnetic-like {fry) scaling plot for Tb 050 Y 0}0 Al 2 . The upper branch 
is for T<T C .H, is the internal field. (b2) The same as (bl) scaling plot ( S,<f >) for rb 050 Yo 5 oAl 2 . (c) Scattered neutron intensity, /(q), vs temperature for 
different momentum transfer q=(2tr/a) [£,£,£| (?a* values are shown within the graph), around Q=(2 ir/a) [1,1,1], for Dy 080 Y 020 Al 2 (a, the lattice constant), 
(d) Magnetic correlation length temperature dependence for Dy 0 . 8 oYo 2 oAl 2 ( see t" xt f° r details). The line is an eye guide. 


zation satisfies a critical scaling similar to ferromagnets and 
a ferromagnetic-like neutron scattering around T c . We will 
address these points in Tb^Y 1 _^Al 2 compounds, together 
with neutron scattering around T c for Dy 0g Y 0 2 Al 2 . 


(i) Critical scaling of Xnl °f Dy x Y, _ ( A1 2 has been ex¬ 
tensively studied elsewhere 2 and we will focus here on the 
Tb series at SG regime. The nonlinear susceptibility was 
obtained as Xnl = X(H)~ Xo> where the linear one Xo was 
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TABLE I. Nonlinear susceptibility x* scaling exponents for the series Tb^Yj.jAlj at the SG regime (s label). 
Ferromagnetic-like exponents at the CSG regime (no label). The transition temperatures and fractal dimension¬ 
ality ft=4ft/(ft+/S,) are included. For Xoi exponents: (*) are from (P,,y s ) scaling, (+) from ( S , ,<j>,), ($) 
from scaling at T so , and (#) from scaling laws. Error bars are ±0.1 in p s and ±0.5 in y s , S s , and ft . 


Compound 

T so 00 

ft 

7s 

4 

ft 

ft 

0.15 

4.7 



5.0($) 



0.20 

6.8 

l-2(*) 

6-OC) 

6.0(#) 

7.2(#) 






5.0($) 


2.5 

0.25 

8.5 

1.20 

6.00 

6.0(#) 

7.2(#) 




1.2(#) 

6.0(#) 

6.0(+) 

7.2( J .-) 

2.5 

Compound 

T c (K) 

P 

7 


S 

* 

TbAl 2 

97 

0.40±0.05 

1.25±0.05 


4.1 ±0.01 

1.65±0.01 

0.50 

34 

0.5±0.5 

1.3 ±0.1 


3.6±0.1 

1.80±0.1 


accurately measured at a few Oe. In Fig. 5(al) we show 
XnlW for ±=0.25, the variation being similar for ±=0.15, 
0.20. No shift with H is found, signaling T SG as a fixed 
point. Two kinds of scalings: 17 - aW# 2/<?j 

= f(\t\/H 21 ^) and - Xnl/M^ 1 = f(H 2 /\t\& +r *) were per¬ 
formed [see Figs. 5(a2) and 5(a3), with the best data “col¬ 
lapses”], in order to determine the pairs of exponents 
( S s , 4>i) and (/ft, y,), and to verify the scaling laws; also the 
first scaling was performed at T so , where *» H VSs 
[t=(T~ T sq )/T sg is the reduced temperature]. All exponents 
are in Table I, scaling laws being reasonably well obeyed, as 
well as universality, although exponents markedly differ 
from MF theory. 17 We conclude that the P-* SG transition is 
a true phase transition for RMATb x Y 1 ..^Al 2 compounds, as 
was shown for the Dy ones. 2 

In the CSG regime we performed a ferromagnetic-like 
scaling for ±2*0.40, akin to such a character according to 
Arrott plots, where the demagnetizing limit is almost reached 
at ±=0.35. The relations were Ml\t\P=f(Hl\t\ p+r ) and 
M/H l,s =f(t/H l/<t '), in order to check for the scaling laws. 
For TbAl 2 , a good 3rf-Heisenberg ferromagnet, 14 we obtain 
the exponents in Table I. In Figs. 5(bl) and 5(b2) we show 
the (y,P) and (8,4>) best data “collapses,” with the exponents 
quoted in Table I, for ±=0.5. It is clearly not a ferromagnet, 
because of the nonleveling-off of the T<T C branch. Those 
exponents are related to those for a 3r/-Heisenberg ferromag¬ 
net (/), using the Arrott-Noakes 1 equation of state: 
S=(e+2)/3f/(l + 2yf), /3=[(e+2)/2ty, with e=4 -d. 
These relations are well followed in the Dy serier but not in 
the Tb one, likely due to the stronger cubic anisotropy and 
weaker RMA of the Tb compounds. 

(ii) Zero energy transfer neutron scattering at £, = 14 7 
meV was performed at the triple-axis HAM spectrometer at 
BNL for ±=0.8 compound, around £} = a*[lll] for 
*[£,£,£] momentum transfer with fa *=0,03-0.058 
A -1 , in the range 8.7-66 K. In Fig. 5(c) we see that the 
scattered intensity peaks around T C =3S K, in agreement with 
magnetization and * ac measurements. We tried a Lorentzian 
(L) 18 fit to the magnetic intensity l m (after subtracting I at 60 
K), i.e., I m (q,T)=A/(q 2 + f -2 ), in order to measure the 
magnetic correlation length £ Below 36 K it was necessary 
to fit by L+L 2 . 18 This indicates that above and just below 
T c , the “critical” fluctuations are spin waves (sw), and that 


below 36 K static RMA disorder becomes important. In Fig. 
5(d) we show f(T), not diverging at T c , an indication of the 
absence of long-range ferromagnetic order. This develops, 
for the longitudinal magnetization, 18 at finite T only above 
±=0.87. 1 We should mention that we have very recently ob¬ 
served a sw excitation at Q=a*[2,2,-0.4] of 3.5 meV for 
±=0.8 at 10 K, a confirmation of the predicted existence of 
spin waves in weak RMA quasiferromagnets. 18 
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Correlation decay in low-dimensional spin glasses 
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A new method to investigate the two-point correlation function decay in a finite size random spin 
system and at finite temperatures is proposed. It is applicable to systems with cyclic boundary 
conditions and in any local or uniform magnetic field. The efficiency of this method is presented in 
the case of an isotropic XY spin glass model with Gaussian bond distribution in external field. Using 
unitary U( 1) gauge transformation and operator inequalities we have obtained explicit upper bounds 
for generalized spin-glass susceptibility k(T,R) that describes off-diagonal transverse 
magnetization in two dimensional random AT spin lattices at finite temperatures. It is found that the 
slowest possible decay for susceptibility in random XY spin glass is of the Kosterlitz-Thouless-type 
with power-law decay in 2D, and the exponential type in ID, at low temperatures. These upper 
bounds rule out the possibility of the corresponding magnetic ordering in ID and 2D isotropic AT 
spin glasses at finite temperatures. 


INTRODUCTION 

During the last two decades, the problem of random spin 
systems have attracted the interest of many physicists. This is 
because among the systems considered there are simplest 
examples of the random models such as Ising spin glasses or 
random AT model with nearest neighbor or long-range 
interactions. 1,2 These systems are characterized by a compe¬ 
tition between ferromagnetic and antiferromagnetic interac¬ 
tions and a huge number of their experimental examples 
have been studied. As a result, conventional magnetic long- 
range order is impossible. In the mean field approach we can 
obtain numerous thermodynamic states and suggest the ex¬ 
istence of the line of phase transitions at finite temperatures 
in the presence of a magnetic field. 3 On the other side, there 
is evidence that the nature of the random spin system (planar 
XY model with spin dimensionality n equals 2) at finite tem¬ 
peratures and in low dimensions may be close to the classical 
XY model in the 2D case and correspondingly quite different 
from the simple mean field picture. The essential difference 
is in the properties of the low temperature phase. 

There are many doubts about the possibilities of obtain¬ 
ing real phase transitions in such systems at sufficiently low 
temperatures. For all these models, one believes, an upper 
critical dimension exists, and the critical properties associ¬ 
ated with the transition are modified due to fluctuations be¬ 
low this critical dimension. In other words, the main problem 
is whether or not phase transitions are possible in real three 
dimensional space at finite temperatures for random spin sys¬ 
tems. This circumstance depends on iowest critical dimen¬ 
sionality d c -, and if d c > 3, then phase transitions are ruled 
out, and if d c ^ 3, then there is a possibility of obtaining a 
real finite temperature transition. Unfortunately, there are no 
exact results corresponding to the value of parameter d c in 
spin glasses. The same question can be stated also in two 
dimensional spin glasses, where it would be possible to ob- 
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tain the finite temperature transition, in the case when spins 
are frozen randomly and we have neither ferromagnetic nor 
antiferromagnetic states, but more of the spin liquid type. 

In this paper, we propose a new method for investigation 
of the upper bound behavior of two-point correlation func¬ 
tions of such random systems as the isotropic XY spin glass 
model with long-range interactions with the Gaussian bond 
distribution at sufficiently low temperatures and in an arbi¬ 
trary magnetic field in one and two dimensional lattices. Be¬ 
low, we show that the upper bound for generalized spin sus¬ 
ceptibility at low temperatures in 2D lattices is power-law 
like. These results rigorously rule out any possibility of the 
corresponding long-range ordering in ID and 2D random XY 
models at nonzero temperatures. The suggested approach has 
been used before to obtain upper bounds for correlation func¬ 
tion decay in low dimensional Hubbard model as well as for 
correlation functions in anisotropic Heisenberg-Ising like 
models with arbitrary spin. 4 ' 5 


SPIN-GLASS MODEL 

As is known, the Hamiltonian of the random XY model 
with long-range interactions in the presence of local longitu¬ 
dinal magnetic field is represented in the form 


h s .c=2 J (/ (sfs;+s>sp-2 H,,sy. 

‘•j * 


(i) 


The main distinction from the usual XY model is that the 
value of the exchange integral J uv in (1) is random and given 
by a Gaussian bond distribution function where each 
J uv is statistically independent of all others, 


4>{J UV ) = -£==■- ex p| 

yj2Tt(T u0 



( 2 ) 


where o r uv =(Jl„)-{J uv ) 2 is the dispersion of the system. 

For the random spin lattices all physical and thermody¬ 
namical expectation values for correlation functions (,...) T 
must be averaged also by parameter J uv with distribution 
function: 
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f uv)dJ UV (3) 

The thermal expectation in (3) is defined by 
{...) r =lim l/N Tr(...exp[-/3//])/Tr(exp[-/3H]), where we 
replace the infinite lattice with a finite one of linear dimen¬ 
sion N with periodic boundary conditions and take the limit 
N~* oo. 

To prove the restrictions on the correlation functions 
we use unitary £7(1) gauge transformation 
f(0)=n exp[ #,(£,,)], where 6 is an arbiuary function on the 
hypercubic lattice, and the identity Tr[A exp {-/3H)] 
=Tr[T(d)AT- l (6)}exp[-pT(d)HT-\ff)) with /?=l/7\ In 
the following 4 we also let 6~i<p be pure imaginary, and in 
this case the transformation is no longer unitary. To get upper 
bound for different correlation functions we also use some 
operator inequalities. 4-6 

The transverse susceptibility in the regular XY model, 
which is defined from the two-point correlation function, can 
be represented in the form 

A„= Hm 1 IN{S x ,S x .+S*S]) T ^B, r (4) 

N -*00 


where upper bound B(R ) for two-point correlation function 
A(R) at sufficiently large distances R = i—j in regular lat¬ 
tices is defined by 


B = exp 

-2 In R + 2T~ l l 2 

•7„„[cosh(<P„-<P t ,)-l] 

)] 


\ UV 




(5) 


This expression depends on the exchange parameter J uv and 
variables <p„ and <p v , which are unique solution of Poisson 
equation -A<p u = q(8 x v -8 y u ) on the hypercubic lattices 
and 'hey satisfy the same conditions as in Ref. 4. The posi¬ 
tive charge q is defined later from optimization condition and 
constants 8 and L exist depending on parameters of the sys¬ 
tem and lattice dimensionality, so when for arbitrary u and v 
with |u —u|ssL, \<p u -tp v \^q8. 6 

Correspondingly, for the XY spin glass model, the gen¬ 
eralized susceptibility is defined by 

* =1 ‘ m 2N ^ ^ 5 ' 4,S 7 +S ‘" 5 ; + )rl'> wlien N-* 00 , 

‘i 

( 6 ) 

and interesting two-p* nt correlation function must be aver¬ 
aged by parameter J uu . Then, using integral inequalities after 
a Gaussian integration with (2), we obtain the upper bound 
for correlation function for 2D random spin glass system: 

[<S + (/?)5*(0) + /..c.)& 

*ZD expj -4 \nR + 4T 2 2 y ttl ,(cosh(<p„-<p„)~ 1] 2 |. 

\ UV I 

(7) 

Using the properties of the parameters >p u and q > v , we get a 
restriction on the expression a=cosh(cp u - <p v )~ 1 and obtain 
the final upper bound relation for 2D spin glass correlation 
function, when and <p R s*q \v\RHttJ\ 


[{S + {R)S~m+h.c.)\]^D exp[-/(7’,Q)ln /?], (8) 
where 

/<r ' e)= ^( 2 _ jF (coshe “ 1) )' 

The parameter D in (7) and (8) weakly depends on the tem¬ 
perature, which appears to be due to a Gaussian integration: 

D = (2-irar l,2 j dJ uv exp[-(J uu -2<r uv pa) 2 /2(T uv ]. 

The expression f(T,Q) depends on the effective dimension¬ 
less parameter Q~4qU. The optimization of the bound re¬ 
lation (7) by the parameter Q gives the condition 

J 2 

1- sinh Q ( cos h £>-l) = 0. (9) 

The same type of calculations gives the upper bound for the 
ID case, where (p^qr/J: 

[(S + (r)S-(0) + h.c.) 2 )j^D exp[-/,(!,Q)r], (10) 

where 

4 J 2 

fi(T,Q) = 4Q-jr (coshe-l) 2 . 

The main result contained in Eqs. (8) and (9) does not de¬ 
pend on magnetic field and shows that when the parameter R 
goes to infinity the two-point correlation function for off- 
diagonal transverse magnetization goes to zero. This means 
that it is impossible to obtain a phase transition in 2D ran¬ 
dom lattices at any finite temperature and for an arbitrary 
value of magnetic field (local or uniform). On the other hand, 
the investigation of the upper bound in Eqs. (8) and (9) 
shows that the slowest possible decay at low temperatures is 
power-law like, which in principle does not exclude the pos¬ 
sibility of a Kosterlitz-Thouless-like phase transition in 2D 
spin glass. 7 But in contrast to Ref. 7, the critical exponent 
f(T) in (8) at low temperatures is proportional to T . 2/3 This 
means that in random lattices transverse magnetization of the 
correlation function decays faster than in regular spin 
lattices. 4,5 The indication about Kosterlitz-Thouless-like be¬ 
havior can also be obtained from the comparison of changing 
characters for correlation functions under the temperature for 
upper bound correlation length of our system with those 
known for the classical XY model. Indeed, in both cases we 
have similar logarithmic behavior for correlation lengths at 
high temperatures. The correlation length, which is a power 
function at low temperatures and becomes logarithmic at 
high temperatures, apparently reflects a nonmonotonic varia¬ 
tion of the thermodynamic state with the temperature. 

On the other hand, from Eq. (8) one can obtain that in 
the zero field the upper bound for susceptibility diverges at 
low temperatures, when the corresponding critical exponent 
becomes less then 2. Such a behavior indicates the possibil¬ 
ity of a certain phase transition similar to the Kosterlitz- 
Thouless-type, even in the random two-dimensional spin 
system at nonzero temperature. 

Corresponding investigations in the ID case from Eq. 
(10) show that the upper bound decays exponentially with 
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the distance, in spite of the fact that the high temperature 
behavior remains as in the 2D case with large spin. The 
obtained upper bounds do not exclude the possibility of some 
kind of long range ordering for a two dimensional random 
spin system at zero temperature. Corresponding lower bound 
relations until now have been obtained only for the regular 
Heiseberg-Ising-like 2D systems in the ground state. 8 It is 
believed that vector Heisenberg spin glasses with n=3 do 
not have an equilibrium phase transition in the 3D case, but 
that the observed experimental transitions result from small 
anisjtropicity, which causes a crossover to an Ising-like tran¬ 
sition. The approach suggested heie is applicable for both 
randomness and long-range interaction simultaneously and 
can be used for investigations of critical behavior in the pres¬ 
ence of the magnetic field for a large class of random spin 
quantum systems, which are invariant under the global rota¬ 
tion around the z axis. 


Thus, the method developed for finding upper bounds 
gives results sharpening the Mermin-Wagner theorem for 
regular lattices as well as for a random system with long- 
range interactions. 
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Relaxation and spin correlations in 119 Sn-doped a-Fe 90 Sc 10 
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Combined 119 Sn and 57 Fe Mossbauer measurements have been made on a Sn-doned sample of 
n-Fe-Sc both around T sg (117±2 K) to examine the onset of order, and at 12 K to investigate spin 
correlations. The different time scales probed by the Sn and Fe Mossbauer transitions allow us to 
confirm that cluster relaxation effects do not contribute to the ordering at r sg) while the large 
transferred hyperfine field (£ hf ) at the Sn sites, in an alloy known to exhibit isotropic spin freezing, 
is inconsistent with the simple view of the transferred field arising as a vector sum over the 
nearest-neighbor moments. 


I. INTRODUCTION 

Amorphous iron-rich Fe-Sc alloys are unique among the 
iron-rich early transition metal-iron glasses, in that they do 
not exhibit a strong dependence of the magnetic ordering 
temperature on composition. 1 In contrast to a-Fe x Zr l0(j _ x 
where the ordering temperature drops from 260 K at x = 88 
to 160 K at x=93, 2 the ordering temperature in 
fl-Fe t S" 10(W is essentially constant at 105 K in the range 
89=sx*s91 accessible by melt spinning. 3 Examination of the 
scaling behavior of the susceptibility around T sg indicates 
that the material is a borderline spin glass, just sufficiently 
frustrated to destroy the ferromagnetic order, 4 a result that is 
confirmed by in-field Mossbauer measurement 5 which show 
that the system directly enters a noncollinear state at 7 sg , and 
does not pass through the intermediate ferromagnetic phase 
seen in less frustrated materials. 1 More recent magnetization 
measurements have demonstrated that the system does not 
exhibit a spontaneous moment at any temperature. 6 An alter¬ 
native view of the ordering proposes the existence of super- 
paramagnetic clusters, which block in random orientations at 
T sg . 7 This seems extremely unlikely in view of the close 
agreement between * ac 4,8 and Mossbauer 3 determinations of 
the ordering temperature, measurements with vastly different 
characteristic time scales. 5 

We present here a combined 57 Fe and u9 Sn Mossbauer 
study of a ll9 Sn-doped n-Fe-Sc alloy. The two Mossbauer 
measurements are made in the same way, and on the same 
equipment, thus eliminating instrumental and calibration dif¬ 
ferences; however, the lifetime of the 119 Sn excited state is a 
factor of 5.5 times shorter than that of 57 Fe, so that the two 
measurements probe very different time scales, allowing us 
to examine the possible role that cluster freezing may play in 
the ordering at T sg . Furthermore, as Sn has no local moment, 
the transferred hyperfine field at the u9 Sn nuclei contains 
information about the magnetic correlations among the 
neighboring Fe moments. 

II. EXPERIMENTAL METHODS 

Ingots for meh spinning were prepared in an arc furnace 
under titanium-gettered argon. The Sc (99.9%) was first pre¬ 
melted and then alloyed with the 119 Sn. Enriched u9 Sn (iso¬ 
topic purity 82.9%) was used in order to get -8 mg 119 Sn 
per 1 g sample weight and ensure a convenient absorption in 
the ll9 Sn spectra. The Sc-Sn alloy was then added to an 


appropriate quantity of Fe (99.98%), and melted several 
times to ensure homogeneity. Melt spinning was done under 
a helium atmosphere onto a copper wheel, and yielded rib¬ 
bons — 1 mm wide and —10 fim thick. The amorphous 
structure of the sample was verified by x-ray diffraction and 
room-temperature Mossbauer spectroscopy. Differential 
scanning calorimetry showed that the crystallization tem¬ 
perature for this material was 810 K, close to the value of 
822 K reported for a-Fe^Sc^, 3 confirming that the addition 
of 1% Sn does not significantly affect the glass. The amor¬ 
phous ribbons were mounted on tape in order to make a 
Mossbauer absorber. A single thickness was used for the 57 Fe 
spectra while six layers were used for the ll9 Sn measure¬ 
ments. The Mossbauer spectra were taken using a conven¬ 
tional constant acceleration spectrometer with a 57 CoRh 
source for the 57 Fe spectra and a Ca 119 Sn0 3 source for the 
119 Sn spectra. The temperature was varied by means of a 
vibration-isolated closed-cycle He cryostat. 

The 57 Fe spectra were fitted using two Gaussian distri¬ 
butions to describe the hyperfine field distribution. For the 
119 Sn spectra a single Gaussian distribution with different 
widths on the low- and high-field side of the peak field was 
used. As the sample is an amorphous ribbon, the relative 
intensity of lines 2 and 5 cannot be fixed a priori to its 
powder average value. Therefore it was fitted in the 57 Fe 
spectra and then set to 2 (the value found in the fits to the 
57 Fe spectra) for the ll9 Sn spectra. A linear correlation be¬ 
tween the isomer shift and the hyperfine field was assumed 
in order to fit the slight asymmetry in the spectra. 


III. RESULTS AND DISCUSSION 

A conventional method for determining magnetic order¬ 
ing temperatures is to record the transmitted intensity of 
Mossbauer radiation at zero velocity as a function of tem¬ 
perature. As the spectrum broadens at 7' sg , the peak absorp¬ 
tion falls, and the zero-velocity count rate increases. The data 
for the 57 Fe thermal scan are shown in Fig. 1. T sg is identified 
with the marked change in slope at 119± 1 K. The procedure 
has »o be modified for n9 Sn as the isomer shift displaces the 
peatc absorption above 7’ sg to +1.8 mm/s relative to the 
source at rest. The spectrometer is therefore run at a constant 
velocity chosen to maximize the absorption at room tempera¬ 
ture, and the observed drift in count rate on cooling above 
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FIG. 1. Mossbauer thermal scans for n-Fc^Sc^Snj at zero velocity for 57 Fc 
(O) and at ~ 1.8 m/s for l,9 Sn (•), showing the discontinuity at T i$ . 

J sg seen in Fig. 1, is due to the spectrum center moving as a 
result of the second-order Doppler shift. A clear break in 
slope is observed at 114 ±2 K. 

Given that 119 Sn samples on a shorter time scale than 
57 Fe, we would expect the Sn data to give a significantly 
higher ordering temperature if blocking of superparamag- 
netic clusters were the origin of the magnetic order. Such 
clusters would appear frozen at higher temperatures when 
observed at higher frequencies. However, the two Mossbauer 
measurements yield the same ordering temperature within 
error (it is interesting to note that the Sn value is actually 
slightly lower, rather than significantly higher). Assuming 
that r sg does reflect a blocking of superparamagnetic clus¬ 
ters, we can calculate the energy barrier for magnetization 
reversal 9 and thus the change in blocking temperature on 
going from 57 Fe to 119 Sn. This calculation indicates that the 
119 Sn transition would be at -150 K if such a model were 
appropriate, rather than 114 K as observed. We can therefore 
rule out relaxation effects or cluster blocking as contributing 
to the ordering of a-Fe-Sc. 

Unlike earlier work on Sn-doped a-Fe-Zr which showed 
no effect of the Sn additions an the mag- .. c ,.dering 
temperature, 10 the Sn-doped sample does exhibit a slightly 
higher ordering temperature than that of earlier materials; 
however, we do not believe that the - 14 K increase reflects 
a significant modification of the magnetic structure. The 
most convenient way to modify the magnetic properties of 
a-Fe-Sc is to add hydrogen. This leads to profound changes 
in both T c (rises to -310 K) and the iron moment (increases 
to ~2.2/z B , the average hyperfme field rises to 31.3 T), 3 but 
the material still lacks the critical behavior characteristic of a 
ferromagnet. 4 Therefore it seems reasonable to conclude that 
if a 200 K increase in T c leaves the system still in a strongly 
spin-glass like state, a 14 K increase will have negligible 
effects on the magnetic structure. 

The Mossbauer spectra obtained at 12 K for the two 
transitions are shown in Fig. 2. Both are clearly magnetically 
split, reflecting the ordering of the iron moments. The fit to 
the 57 Fe spectrum yields an average hyperfine field of 22.8 T, 
indistinguishable from previous values obtained on Sn-free 
materials, 3 ' 5 and further reinforcing the view that the addition 
of Sn has not significantly affected the magnetic ordering. 
Curiously, the 1I9 Sn spectrum also yields a large average 




FIG. 2 Mossbauer spectra measured at 12 K a-Fc 5 0 Sc 9 Sn ] for 57 Fc (top) and 
I19 Sn (bottom). 

field: 5.1 ±0.2 T. If the local magnetic order were essen¬ 
tially isotropic, as would be expected in a spin glass, the 
contributions from the neighboring Fe moments would be 
random and therefore largely cancel at a Sn site. Such a 
situation would then yield a small ratio between the observed 
transferred Sn field and the Fe field (assumed proportional to 
the Fe moments). The value obtained here is 0.22±0.01, 
essentially the same as that found in the less frustrated 
a-FegjZrySrj (Ref. 10) and the almost ferromagnetic 
a-Fejo^NijZrgSn!. 11 Assuming that the transferred field at 
the 119 Sn results from a vector sum over the moments on the 
Fe nearest neighbors, and that the coordination number in the 
glass is -12, then going from fully collinear to isotropic 
order should lead to a factor of 4 drop in the Sn/Fe hyperfine 
field ratio, a prediction that is completely inconsistent with 
our observations. Similar measurements on Mn-containing 
spin glasses 12,13 have also reported large transferred fields, 
leading to the rather unlikely speculation that the spin glass 
is dominated by significant ferromagnetic short-ranged 
correlations. 13 Since it is highly unlikely that the addition of 
1 at % Sn makes the a-Fe-Sc alloy essentially ferromagnetic, 
without increasing either T c or the iion moment, we are 
forced to conclude that even in an isotropically ordered ma¬ 
terial (i.e., a spin glass), the 119 Sn nuclei measure the mag¬ 
nitude of the average iron moment, rather than the vector 
sum of the randomly oriented neighboring moments. 
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Field-dependent susceptibility aging in CuMn spin glasses 
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A “hole” is found to develop in the dc field-dependent ac susceptibility of CuMn spin glasses when 
the material is cooled or aged in a field. Comparisons are made with analogous experiments on 
structural glasses at low temperature. The hole is not compatible with independent two-level 
systems. The significance of the width (in H) of this hole is discussed. 


Recent work on aging of the ac dielectric susceptibility 
e( /) in several dissimilar insulating glasses fuund that a 
“hole” can form in e( /) versus applied dc electric field E 
when the dielectric is aged in an electric field at low tem¬ 
peratures for times in the range 10 3 -10 5 s. 1 The detailed time 
and frequency dependence of this hole has been shown to be 
inconsistent with a model consisting of a simple superposi¬ 
tion of quantum two-level systems (TLS). 2 The most plau¬ 
sible source of such aging effects lies in multistate relax¬ 
ations, such as those responsible for the well-known (but not 
well understood) large aging effects in spin glasses. 3 In this 
paper we describe experiments, analogous to the dielectric 
experiments, on the time and magnetic field dependence of 
the magnetic susceptibility, *( f)=x'{ /) + t'Y'( /), in metal¬ 
lic spin glasses. 

Spin glasses are good candidates for these experiments 
for several reasons, (i) Previous work has clearly established 
that there are large aging effects below the spin-glass 
temperature. 3 (ii) In metallic spin glasses there is almost cer¬ 
tainly a continuous phase transition at the spin-glass freezing 
temperature T c , 4 which provides a well-defined energy scale 
for interactions in spin glasses. Since the low-temperature 
excitations of the structural glasses do not have a known 
phase transition, an appropriate energy scale for interactions 
in glasses is unclear, (iii) Spin-glass experiments may be 
conducted in the classical (high-temperature) regime. Dielec¬ 
tric aging has been studied in the tunneling regime and com¬ 
parison with spin glasses should shed light on the importance 
of quantum mechanical effects. 

We have examined CuMn with 4 at. % Mn and 12 at. % 
Mn and CuMnAu with 4 at. % Mn and 1 at. % Au. We have 
also measured a CuSiMn (4.2 at. % Si, 0.3 at. % Mn) sample 
as a control. The spin-glass, temperature of the control 
sample is lower than the temperature range in which we took 
data {T a <5 K). The 4% samples are cylindrical and have 
two overlapping cuts along their length to reduce the contri¬ 
bution to /' from eddy currents. 5 The 12% sample is a small 
segment of an annulus about 2 cm in radius. The overall 
dimensions of this sample are comparable to the 4% 
samples. The control sample is a ~l-cm-long section of the 
body of a silicon-bronze screw. All the samples have masses 
near 1 g. The measurements were made in a 1 T commercial 
(Quantum Design) ac susceptometer. The measurements 
were made at 3 Hz, about the highest frequency (allowing 
fastest data collection) for which the eddy cunent back¬ 
ground could be accurately subtracted. 

The spin glass is initially field cooled (usually at 300 Oe) 
from ~2T g to a working temperature below T Ct . A non-zero 


cooling field is used to make sure that the effects of equili¬ 
brating at a particular field are not confused with any special 
properties of H= 0. The fields used were always small 
enough to stay the strongly irreversible spin-glass regime at 
the measurement temperature. 5 The sample is then aged at 
that field for about 5000 s. The field is then changed to a new 
(second) field for a few minutes, during which time the ini¬ 
tial values of x' (3 Hz) and Y' (3 Hz) are measured. The 
applied field is then changed back to its initial value and the 
sample is allowed to age before the next measurement is 
performed. By repeating this H-cycling procedure, all at 
fixed T, we make a map of initial x vs H. Since, empirically, 
this map does not depend substantially on the order in which 
we cycle to the measurement fields, long-term aistortion of 
the curve caused by the field history at the measuring tem¬ 
perature does not seem to be a problem. 

All three of these spin glasses show a substantial hole in 
x( f,H) versus magnetic field (//) (see F'g. 1). To a first 
approximation, the center of the hole is simply shifted by 
cooling in different fields. The hole in *( f,H) for these SGs 
is short lived, compared with the lifetime of the hole in 
e( /,£) of structural glasses (except Si0 2 ). 1 (Because of this 
effect slow scans of the applied field are not feasible.) 

The hole depth for / is ~30% of the initial value of Y' 
and for it > s ~3% of the initial value. These numbers 
contrast with the structural glasses where the hole depth in e' 
is only ~0.1%. Monitoring Y’ allows us to separate slow, 
relaxational spin dynamics from fast spin dynamics (e.g., 
spin dynamics near the attempt rate) that contribute to x' ■ 
This is important because there is no guarantee that the 



FIELD (Oe) 


riO, 1 The hole in x vs field for three different spin glasses at 0.5T o The 
measurements were made at 3 Hz 
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“fast” spin dynamics have the same aging properties as 
those near 1 Hz. 

The width of the hole in y is ~300 Oe at 10 K and is 
slightly narrower at higher temperatures (see Fig. 2). The 
weak T dependence of this width, from 0.3 to Q.1T G , con¬ 
trasts with the strong temperature dependence of the e( /,E) 
hole between 50 and 500 mK. 1 

For sufficiently large A// (—300 Oe), the increase in x 
saturates, indicating that nearly all the spin configurations 
whosr fluctuations give x" (3 Hz) are sufficiently changed by 
fields of —300 Oe to cease to contribute to / (3 Hz). That is, 
by changing H by 300 Oe, one sees a different set of fluc- 
tuatori, ones which have not had a chance to relax to the 
smaller values of y (3 Hz). Further change of H simply 
gives a different set of new fluctuators, which are still not 
aged. 

One expects that H has little effect on the dynamics of 
active spin clusters until /zA// becomes greater than k. T , 
where fi is the net magnetic moment of the rearranging spin 
cluster. (When, however, /xkH>k B T, a new set of fluctuat¬ 
ing objects will be responsible for y') Since the net moment 
of a spin cluster in a spin-glass scales as the square root of 
the number of spins, and since a Mn ion in Cu has a moment 
about 2 fi B , the characteristic number of spins involved in the 
clusters as H is changed is about 10 5 at 10 K. This number of 
spins is fairly constant in the samp’es .ve have examined. 
However, the relations among this nut bet, the number of 
spins involved in individual coherent thermal flips at fixed 
//, 6 and the nuinber of spins which a; * within a volume 
throughout which such coherent groups interact 6 are not yet 
clear to us. 

If instead of briefly visiting other fields and building up 
a map of initial, unaged x vs H, we field cool in +H[, age 
the sample, change to -1^ and allow the sample to age 
further, we can see the long time behavior of the hole. The 
relaxations are roughly logarithmic in time (Fig. 3). Observ¬ 
ing this second relaxation (and also a third relaxation, this 
time back at +H,) allows us to compare the field-cooled 
behavior with field-jump behavior. 

For equal aging times the second aging does not reach as 
low a y value as the first. Even a brief excursion from the 
field cooled +Hj to -H, mostly resets the (third) aging of 


y on return to +H,. Nonetheless, at long times the third 
aging (at +H)) is intermediate to the first and second, indi¬ 
cating that some small part of the +Hj hole survives to long 
times at -Hp 

In contrast, the aging of x at +H, is not mostly re¬ 
started by brief excursions to -H, (see Fig. 4). For times 
shorter than about 1000 s at -H 1( the initial x' on return to 
+H, is still lower than any value of x' recorded at -H, . We 
assume that this behavior indicates that the ver, f^t relax¬ 
ations which contribute substantially to x a g e in a ver y dif¬ 
ferent way than the clusters responsible for y. 

In conclusion, conventional spin glasses in a classical 
temperature regime show field-dependent aging effects simi¬ 
lar to those of structural glasses in the quantum regime. The 
spin-glass susceptibility holes, however, are deeper than 
those of the structural glasses, and generally show more 
rapid relaxation. Our results strongly reinforce the theoretical 
conclusion 2 that the main explanation of dielectric aging will 
be found in multisite cooperative effects, such as are known 
to be present in spin glasses, rather than in the simple TLS 
picture. 

Several prior pieces of evidence strongly support this 
view. The decay in e'( /) is very strongly dependent on /. 
Thus the frequency dependence of e strongly ages. Since, 
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by Kramers-Kronig, the frequency dependence of e' is es¬ 
sentially e", i' must also show very stro-g aging effects (as 
does y' in spin glasses). At frequencies much less than the 
attempt rate, it is very unlikely that ){' or e" comes from 
anything other than relaxational effects (i.e., tunneling pro¬ 
cesses at low temperature and activated processes at higher 
temperatures). Since a simple noninteracting two-state sys¬ 
tem with a characteristic rate comparable to the measurement 
frequency does not have some other longer time associated 
with it, it cannot produce a slowly aging / or e". 

It is known from fluctuation experiments in mesoscopic 
samples of metallic glasses that their low-temperature struc¬ 
tural fluctuations (in both the tunneling and activated re¬ 
gimes) are not strictly two-state systems. 7 Interactions lead to 
slow fluctuations in the characteristic rate and duty cycle of 
the individual (configurational) fluctuations. These fluctua¬ 
tions are probably the equilibrium analog of the dielectric 
aging. Since the detailed properties of the fluctuators vary 
over long times, one expects long time relaxations into con¬ 
figurations with minimal free energy. Unless some unex¬ 
pected symmetry precludes average differences in suscepti¬ 
bility between the high free-energy configurations and the 
minimum, the susceptibilities will slowly relax. The sign of 
the relaxation (toward lower susceptibilities) is consistent 
with a simple correlation: the barrier heights seen from a low 
free-energy configuration tend to be higher than those seen 
from a high free-energy configuration, as would be expected 
if energies of the transition state i did not differ from each 
other. It is probably no coincidence that similar mesoscopic 
experiments on CuMn show extremely strong interactions, to 
the point that nothing like two-state systems exists, 6 and that 
CuMn shows much stronger aging effects. 3 


In the mesoscopic noise experiments on amorphous met¬ 
als, a whole new set of fluctuating objects could be obtained 
by thermal cycling to ~50 K and back, 7 just as a whole new 
fluctuation pattern can be obtained by cycling a mesoscopic 
spin glass to T G . 6 If the analogy between interacting TLS in 
amorphous materials and interacting spins in spin glasses 
turns out to be meaningful, then the ~100 mK temperature 
scale of the dielectric hole measurements probably corre¬ 
sponds to a similar low temperature in the spin-glass experi¬ 
ments. It will be interesting to investigate whether the quan¬ 
titative differences between the aging in the two types of 
systems are primarily the result of this different experimental 
temperature scale or of some more fundamental factor, such 
as the strength of the interactions versus the local energy 
asymmetries. At any rate, the quantum mechanical nature of 
the TLS does not seem to be an essential aspect of the aging. 

This work was supported by NSF DMR-93-05763, using 
facilities of the MRL (NSF DMR-89-20538). We thank 
M. B. Salamon and L. J. R Ketelson for two of the samples. 
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Quantum tunneling in magnetic particles (invited) (abstract) 

D. P. DiVincenzo 

IBM Research Division, T. J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598 

Recent advances both in materials preparation techniques for ultrafine magnetic particles, and in 
low-temperature magnetometry, have made possible the observation of a new kind of collective 
quantum-mechanical phenomenon. In our studies 1 of horse-spleen ferritin particles (naturally 
occurring 75 A iron-oxide crystallites), a resonance in the magnetic susceptibility is observed at low 
temperature (<200 mK) and exceedingly low ambient magnetic fields (of order 10~ 3 Gauss and 
below). I will discuss the accumulation of evidence which indicates that this resonance arises from 
the quantum .unneling of the magnetization between the ferritin particles’s two easy-axis states. This 
involves a unique collective effect: the orientation of the thousands of spins in the particle flip over 
as a unit, passing through an energy barrier, I will discuss various new theoretical results which have 
been stimulated by these recent experiments. For example, quantum mechanics predicts that the 
tunneling behavior is radically different for particles with even and odd number of iron atoms, 2 —in 
particular, tunneling is predicted to be forbidden in the odd case. Finally, I will discuss the 
possibilities for quantum effects in a new class of nanoscopic Fe particles, produced by a novel STM 
deposition technique by A. Kent. It is clear that new materials preparation techniques will continue 
to provide novel testing grounds for quantum theory. 


Work done in collaboration with D. D Awschalom, J. F. Smyth, G. Grin- 
stein, D. Loss, and E. Chudnovsky. 

1 D. D. Awschalom, J. F. Smyth, G. Gnnstein, D. P. DiVincenzo, and D. 
Loss, Phys. Rev. Lett. 68, 3092 (1992); 71, 4276(E) (1993) 

2 D Loss, D. P DiVincenzo, and G. Grinstcin, Phys. Rev. Lett. 69, 3232 
(1992). 
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Remanent magnetization of AgMn spin glasses (abstract) 

Emily Engle and E. Dan Dahlberg 

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455 

Plots of the dc demagnetization remanence, I d , versus the isothermal remanent magnetization, I n 
have been used to determine the presence of interactions in concentrated magnetic systems. 1 In 
terms of interacting entities within the system, the standard interpretation of these plots is that 
positive (negative) curvature indicates the presence of demagnetizing (magnetizing) interactions 
between the magnetic entities. 2 ' 3 We will report the first such analysis made on a spin glass (the 
archetypal spin glass systir, AgMn, with three Mn concentrations). As prescribed, I d and I r were 
normalized and plottou against each other. All of the plots of zero-field quenched specimens have 
positive curvature, indicating the presence of demagnetizing interactions. In these measurements the 
sample shape dependent demagnetizing field was not a factor because the magnetizing field was 
applied parallel to the long axis of the foils (0.50 in. X 0.15 in. X~0.005 in.). These results are 
consistent with a recent model for slow relaxation 4 wherein interactions, not disorder, determine the 
quasilogarithmic time dependence of relaxation processes in these systems. 


This work is supported by the Air Force Office of Scientific Research, Grant 
No. AF/FA9620-92-J -0185 
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Calculated field cooled and zero field cooled magnetizations 
of the three-dimensional Ising spin glass using Monte Carlo 
hard-spin mean-field theory (abstract) 

Edwin A. Ames and Susan R. McKay 

Department of Physics and Astronomy, University of Maine, Orono, Maine 04469-5709 

We have studied the ±J Ising spin glass in a uniform magnetic field by using Monte Carlo hard-spin 
mean-field theory, 1 implemented on a 24 X 24X24 lattice with periodic boundary conditions. This 
method modifies the conventional mean-field approach to retain frustration by placing a spin of unit 
magnitude at each nearest neighbor. Each spin’s direction is chosen using the hard spin condition, 
which preserves the site’s average magnetization. The method yields an average magnetization at 
each site and permits the exploration of stable and metastable states within the spin-glass phase and 
their overlaps. By direct calculation of the free energy of each final state, stability and metastability 
can be distinguished. The resulting average magnetizations display realistic history dependence. For 
example, the calculated field cooled magnetization remains roughly constant below the freezing 
temperature, T g , whereas the zero field cooled magnetization rises to a cusp as temperature is 
increased below T g , as is observed experimentally. Aging phenomena are also reproduced within 
this method, since varying the number of Monte Carlo steps at each temperature and field 
corresponds to altering the waiting time. 


1 R. R. Netz and A. N. Berkcr, Phys. Rev. Lett. 66, 377 (1991); J. Appl. 
Phys. 70, 6074 (1991). 
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Giant magneto-impedance and magneto-inductive effects in amorphous 
alloys (invited) 

L. V. Panina, K. Mohri, K. Bushida, a> and M. Noda 

Department of Electrical Engineering, Nagoya University, Nagoya 464, Japan 

Recent experiments have discovered giant and sensitive magneto-impedance and magneto-inductive 
effects in FeCoSiB amorphous wires. These effects include a sensitive change in an ac wire voltage 
with the application of a small dc longitudinal magnetic field. At low frequencies (1-10 kHz) the 
inductive voltage drops by 50% for a field of 2 Oe (25%/Oe) reflecting a strong field dependence of 
the circumferential permeability. At higher frequencies (0.1-10 MHz) when the skin effect is 
essential, the amplitude of the total wire voltage decreases by 40%-60% for fields of 3-10 Oe 
(about 10%/Oe). These effects exhibit no hysteresis for the variation of an applied field and can be 
obtained even in wires of 1 mm length and a few micrometer diameter. These characteristics are 
very useful to constitute a highly sensitive microsensor head to detect local fields of the order of 
10 ' 5 Oe. In this paper, we review recently obtained experimental results on magneto-inductive and 
magneto-impedance effects and present a detailed discussion for their mechanism, developing a 
general approach in terms of ac complex impedance in a magnetic conductor. In the case of a strong 
skin effect the total wire impedance depends on the circumferential permeability through the 
penetration depth, resulting in the giant magneto-impedance effect. 


I. INTRODUCTION 

Recently, much work has '.een done on giant magnetore¬ 
sistance because of its importance for applications in various 
magnetic sensors and especially in magnetic heads for re¬ 
cording. The problem, however, is not well understood, and 
experimental results are far from practical applications, as 
the effect is observed at rather high magnetic fields and suf¬ 
fers strong hysteresis. On the other hand, giant and sensitive 
magneto-inductive (MI) and magneto-impedance (MI) ef¬ 
fects have been found in soft magnetic FeCoSiB amorphous 
wires 1 ' 6 and ribbons. 78 These effects include a sensitive 
change in an ac voltage in these materials with the applica 
tion of a small dc magnetic field, and are thus an ac analog of 
giant magnetoresistance. The effects have been reported to 
be the strongest for an amorphous wire of a composition 
Fe 43 Co 68 iSiiijB^. In a low frequency range of 1-10 kHz, 
which is typical of the MI effect, the inductive component of 
an ac wire voltage decreases by 50% for a longitudinal field 
of 2-5 Oe. At higher frequencies (0.1-10 MHz) where the 
skin effect is essential the giant MI effect occurs: the ampli¬ 
tude of the total wire voltage decreases by 40%-60% under 
the influence of a longitudinal field of 3-10 Oe. No hyster¬ 
esis has been observed. The giant MI and MI effects can be 
observed in wires with a few micrometer diameter and 1 mm 
length. These results suggest establishing a new microsized 
sensitive magnetic head and a sensor head for information 
storage devices. 

In this work we present a comprehensive study of the MI 
and MI effects in FeCoSiB amorphous wires including both 
a brief review of the recently obtained experimental results 


J, Unmka Ltd. R & D, Uji 611, Japan. 


and their analysis on the basis of the ac complex impedance 
of a magnetic wire with a domain structure. Some new re¬ 
sults for FeCoMoSiB amorphous ribbons are presented as 
well. We demonstrate that both effects have a classical elec¬ 
tromagnetic origin and, hence, are not connected with the 
conventional magnetoresistance. All the experimental data 
can be explained in terms of a field dependence of imped¬ 
ance as a result of the transverse magnetization (with respect 
to current direction) and the skin effect. 6 ' 9-11 In general, large 
and giant magneto-impedance effects are possible in many 
other soft magnetic materials of various geometries. 

Because of the skin effect, an ac current, 
I-Iq exp (-jcat), tends to be concentrated near the surface 
of a conductor, changing its impedance Z. The current distri¬ 
bution depends not only on the shape of the conductor and 
frequency but also on the transverse permeability /x. If pt is a 
sensitive function of an external field H ex in a high frequency 
region this dependence reveals itself in the impedance be¬ 
havior through the penetration depth, resulting in a sens ; tive 
voltage response: F(w,// ex )=Z[ft),/i(w,// ex )]/. At low fre¬ 
quencies, when the skin effect is negligible, the first order 
term in an expansion of Z(o>) in powers of frequency is 
responsible for the voltage field dependence. This term is 
represented by the internal inductance, which is proportional 
to the static transverse permeability. The general approach of 
impedance is thus helpful to explain both the low and high 
frequency field effects on ac voltage. 

An FeCoSiB amorphous wire can be considered as one 
of the most suitable material to observe the magneto¬ 
impedance effects. It has fine soft magnetic properties be¬ 
cause of its nearly zero magnetostriction constant \s=-lCT 7 . 
The negative magnetostriction results in a circumferential 
anisotropy and, consequently, a domain structure with circu 
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FIG. 1 Magnetic structure (a) and circular hysteresis loops (b), (c) of 
FcCoSiB amorphous wires in the presence of a longitudinal field. 
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FIG. 2. Theoretical dependencies (obtained on the basis of hysteresis loop 
calculations, Ref. 9) of the maximal circumferential permeability on a re¬ 
duced longitudinal field h = H c JH K . The anisotropy axis deviations 2\a 
ate: 1—45°, 2—10°, 3—20°. 


lar domains situated along the wire. The current flowing 
through the wire generates an easy axis driving field which 
causes a circular magnetization by the domain wall move¬ 
ment. The external longitudinal field H cx , being a hard axis 
field with respect to the circular magnetization, suppresses 
the circular flux change. As a result, the circumferential per¬ 
meability having a high value of the order of 10 4 for //„=0, 
decreases rapidly with the application of the field. This sen¬ 
sitive field dependence of the circumferential permeability, 
which maintains till high frequencies at which the skin effect 
is essential (but the domain wall motion is not completely 
damped by eddy currents), is responsible for the magneto- 
impedance effects in wires. 

This paper is organized as follows: In Sec. II we review 
the existing experimental and theoretical results on the static 
magnetic properties of ..egative magnetostrictive amorphous 
wires since they eventually determine the field dependence 
of the impedance. In Sec. Ill the experimental magneto- 
inductive and magneto-impedance characteristics recently 
obtained by the present authors are summarized. For com¬ 
parison, new data for FeCoMoSiB amorphous ribbons are 
presented. In Sec. IV the concept of the magneto-impedance 
effect is put forward. In Sec. V the calculated magneto¬ 
impedance characteristics for wires are presented, and the 
analysis of the experimental results is given, showing a rea¬ 
sonable agreement. 

II. STATIC MAGNETIC PROPERTIES OF FeCoSiB 
AMORPHOUS WIRES 

The magnetic structure of amorphous wires made by 
rapid quenching process is dominated by stress induced 
anisotropy. 12 ' 14 In the case of negative magnetostrictive 
wires (\<0), the stress distribution results in a core and 
sheath magnetic structure with magnetization parallel to the 
wire axis in the inner core and circular in the outer shell, The 
corresponding magnetic structure with ring domains spaced 
along the wire is shown in Fig. 1(a). This structure is re¬ 
tained even for slightly negative (\=-10~ 7 ) magnetostric¬ 
tive wires of a composition Fe.^Co^Si^sBis which are 
used in the present investigation without loss of generality. 


An as-cast wire has a diameter of 120 /zm. Smaller di¬ 
ameter wires (down to 30 /zm) can be obtained by cold draw¬ 
ing an as-cast one and then tension annealing. During tension 
annealing a higher circumferential anisotropy is induced. For 
a relatively high annealing tension (>2 kg/mm 2 ) the circum¬ 
ferential magnetization is considered to exist in the entire 
wire However, the effective anisotropy field H K is still very 
small (~1 Oe). If the wire is shortened down to 1-3 mm, H K 
increases due to the demagnetizing effect and is about sev¬ 
eral Oe. The length effect on the anisotropy is much stronger 
for as-cast wires. 

The circumferential anisotropy allows the wire to be 
magnetized by flowing through it a current which creates a 
circular easy axis driving field H ^. The circular magnetiza¬ 
tion proceeds mainly by the movement of circular (or ring) 
domains along the wire, resulting in a sharp hysteresis with 
the maximum of the differential permeability of the order of 
10 4 for a 1 kHz current (sec Fig. 1). Then a sensitive circum¬ 
ferential magnetic flux change can be made to occur due to a 
small ac wire current. The magnetic field H ex applied along 
the wire axis suppresses the circular magnetization by wall 
movement, since H ex is a hard axis field with respect tc the 
circumferential anisotropy. As H ex is increased and the rota¬ 
tional portion of the remagnetization grows, there is a 
gradual transition from almost a square loop to a linear 
one 1 ' 3 as can be seen in Fig. 1. This process is accompanied 
by rapid reduction in the circumferential permeability In 
Ref. 9 the change in hysteresis loops under the influence of 
was considered for a practical case of a nonuniform 
circumferential anisotropy. The result for the maximal differ¬ 
ential permeability as a function of H n for different aver¬ 
aged anisotropy axis inclinations, Aa, relative to the circular 
direction, is presented in Fig. 2. For some optimum values of 
Aa, the permeability sensitively decreases with increasing h 
for h=HJH K < 1. For higher fields (/i> 1) corresponding 
to the longitudinal saturation, the permeability slowly de¬ 
creases, being consistent with the pure rotational magnetiza¬ 
tion. The proper anisotropy can be established by corre- 
spending tension annealing. 
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FIG. 4. Experimental circuit (a) and measured frequency dependencies of 
the voltage amplitude with H tx as a parameter for a 124 /on diameter as-cast 
wire and a 30 /tm diameter tension annealed wire (b). 


FIG. 3. Experimental circuit for measurement of V L (a), and reduced am¬ 
plitude of that voltage plotted as a function of H cx for as-cast and tension 
annealed amorphous wires (b) 

III. EXPERIMENTAL RESULTS 

The unique circumferential magnetic properties of 
FeCoSiB amorphous wires are attractive for the application 
of those wires as a sensitive flux detection element, since the 
change in the circular magnetization due to an ac wire cur¬ 
rent affects the voltage across the wire ends. In the case of a 
relatively low frequency current, when the skin effect is neg¬ 
ligible, the change in the circular magnetic flux is considered 
to generate an additional inductive voltage, 15 V L , which is 
determined by the internal part of the self inductance of a 
wire, 2, where fi v corresponds to the averaged dif¬ 

ferential permeability and / is the wire length. The magneto- 
inductive effect can be measured by utilizing a resistor 
bridge circuit as shown in Fig. 3(a). A series of narrow peaks 
periodically spaced on the time axis then can be observed. 1 " 3 
The peak height sharply decreases with the application 
of a longitudinal magnetic field H cx by 50% at relatively low 
fields of 2-10 Oe as can be seen in Fig. 3(b). The sharp form 
of V L is consistent with the nearly rectangular hysteresis loop 
for //„=0. There is also a consistency between the experi¬ 
mental dependencies V l0 (H ex ) and calculated dependencies 
for the maximum permeability ^(// ex ) shown in Fig. 2. 
Theoretical curves 2,3 characterized by a smaller anisotropy 
axis distribution Aa correspond to those seen in the case of 
tension annealed wires with a stronger circumferential an¬ 
isotropy. Curve 1 is typical for as-cast wires with much 
broader anisotropy axis distribution. 

It was proposed in Refs. 5 and 6 to utilize a high fre¬ 
quency current for which the total wire voltage is sensitive to 
the magnetic field. As the frequency is increased above some 
characteristic value w*, the amplitude V 0 of the total wire 
voltage increases as seen in Fig. 4. The value of w* increases 
with the application of the field as well as for a smaller 


diameter wire (< o*I2tt is about 20 and 200 kHz for 120 and 
30 fim diameters, respectively, at H cx = 0). Such behavior 
shows that the skin effect is of predominant importance. At 
frequencies above a>*(// ex =0) there is a big difference be¬ 
tween the behaviors of V 0 ( w) for 77 cx =0 and in the presence 
of the field. As a result, for a given frequency above this 
critical value the voltage amplitude decreases sensitively 
with the application of the field. For example, a drop in 
voltage by 50% can be reached by applying a field of about 
10 Oe for a 30 fi m diameter amorphous wire as seen in Fig. 
5. The cut-off frequency of H ex is 1/10 that of the ac wire 
current. 

Figure 6(a) compares the wave forms for a magnetizing 
current at 1 MHz and the voltage at zero external field and a 
field of 10 Oe. The wave form of the voltage at zero field 
clearly exhibits a nonlinear behavior, supporting the idea that 
at high frequencies the magnetization processes such as do¬ 
main wall displacement affect the total wire voltage. The 
voltage form, however, is not so far from the sinusoidal one 
(especially at higher frequencies), probably because the do¬ 
main walls are already quite damped by eddy currents. 
Therefore the concept of a complex impedance Z=Z' + jZ", 
as the ratio between the harmonic complex voltage and cur- 



FIG 5. Voltage amplitude as a function of H n at various current frequen¬ 
cies for 30 fim diameter tension annealed wires. 
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(a) (b) 

FIG. 6. Wave forms of current and voltage at different fields in (a) and 
frequencies in (b). 


rent, can be employed to describe the observed effects at 
higher frequencies. Thus, the decrease in the wire voltage by 
applying the longitudinal field means the corresponding 
change in Z. In this sense the effect was named as a 
magneto-impedance effect. 

A giant MI effect can be found in various soft magnetic 
materials. However, in the case of a longitudinal (along the 
current and field direction) magnetic structure the MI effect 
is less sensitive and observed for higher fields, as in the case 
of FeCoSiB amorphous ribbons. 8 We measured the MI effect 
in ribbons of a composition Fe 4 Co 67 Mo 2 Si 15 B 10 as shown in 
Fig. 7. The voltage drop by 15%-20% is observed for fields 
of 20-30 Oe. 
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FIG. 8. Circular domain model for eddy current distribution calculations. 


Here R is the ordinary resistance, and (E z ) is the averaged 
electric field due to change in the circular magnetization 
caused by H v -2lrlca 2 : 

jo) f ' 2r' dr' 

Ez(r)=~-p: I J () —p — r^a, ( 2 ) 

where a is the wire radius, fi^ has to be defined as a differ¬ 
ential permeability n^-dB^/dH^,. Averaging Eq. (2) over 
the wire cross section allows us to represent Eq. (1) in a 
standard form V=Z((o)I using the wire impedance 

/V' dr'/a 2 \. (3) 

It follows from Eq. (3) that at a low frequency the field 
dependence of the impedance : s attributed to its inductive 
term which is proportional to the differential circumferential 
permeability. 


Z=R-j{(olc 2 )L 


„ L,~2ll r 

\ Jo 


IV. IMPEDANCE OF A MAGNETIC WIRE 

In this section we consider the field dependence of the 
complex impedance of a magnetic conductor. All the results 
are given for a wire with a circular domain structure since at 
present the main experimental data have been obtained in 
such materials. We employ Gaussian units. 

A. Low frequ?ncy case 

Let us consider a wire in which an ac current 
/=/o exp (-jut) is flowing. The current generates a circular 
magnetic field H (p which magnetizes the wire in the circular 
direction. This circular magnetization affects the voltage 
across the wire ends. At low frequencies, when the skin ef¬ 
fect is negligible, it is simply written as 

V=RI + (E z )l. (1) 



__ t _, ; z 

-20 -10 0 10 20 


FIG 7 Magneto-impedance effect in fe J Co fl ,-Mo,Si| 5 B 10 amorphous rib¬ 
bons of 10 /xm thickness. 


B. High frequency case 

We can expect that with increasing frequency the depen¬ 
dence of Z on the field becomes more essential. In the case of 
thin wires with homogeneous magnetization changing lin¬ 
early with an ac magnetizing field, the impedance can be 
calculated exactly for any frequency, i.c., without neglecting 
the skin effect: 16 

Z- -(jco/c 2 )L e +RkaJ 0 (ka)/2J { (ka), 
k = (l+j)/8 m , 4,-c/Vw?; 

where L e =2l \n(l/a) is the external part of the self induc¬ 
tance of the wire, 8„ is the penetration depth in a magnetic 
media with the linear permeability fi v , cr is the conductivity, 
and J 0 ,J\ are Bessel functions. In the case of a strong skin 
effect the high frequency expansion of Eq. (4) 

gives 

Z = R(a/28J-jco[L e +L,(28 m /a)]/c 2 . (5) 

It follows from Eq. (5) that at high frequencies (but L e can 
be still neglected) Z<x(u)n v ) X12 since the penetration depth 
in magnetic materials depends on permeability as 
8 m = [S=c/(2tt(0(t) v2 is a nonmagnetic penetration 

depth] and the internal inductance is proportional to /i v . 
Thus, in the high frequency region, when the skin effect can 
not be ignored, the total impedance of a magnetic wire is 
proportional to the root of the circumferential permeability. 

This simple consideration already gives the idea of the 
MI effect and is helpful for the understanding of the experi¬ 
mental data described in Sec. III. However, for a quantitative 
comparison we have to consider the dynamic character of the 
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FIG. 9. Frequency dependence of the impedance \\Z\IR in (a), and AZ/Z 
= \-\l , h)IZ,{Q)\ in (b)] with h-H t JH K as a parameter. The calculation 
was done \ nth the theoretical dependence shown in Fig. 2 by curve 

3, /x v (H a =^)-= 10 4 , dia = 1 /3, l/tr= 130 /rfl cm 


magnetization process. In the case of a wire with circular 
domains, while H n <H K , the main contribution to the circu¬ 
lar magnetization arises from the domain wall motio' which 
generates local eddy currents. In Eq. (4) we ignored these 
microscopic currents. However, they are known to result in 
the excess losses 17 and damped domain wall movement. The 
exact calculation of the total current distribution inside the 
wire (due to the outer shape and domain wall displacements) 
cannot be done analytically. This problem can be considered 
in the effective medium approximation 1819 in which the mi¬ 
croscopic eddy currents i mi are averaged on the domain wall 
scale. Then classical expression (4) for the impedance can be 
still used but with the effective permeability jx v incorporat¬ 
ing i' mi and substituting for /x^. 

The effective magnetic permeability depends on a con¬ 
crete type of the domain structure. The calculation of / l v can 
be done by considering that the wall motion generating the 
eddy current field H mi occurs under the influence of the av¬ 
eraged field ( H) which includes some external field H° and 
the field H m . Then, if the eddy current field is known, we 
have the self-consistent condition to calculate 
/V/V/°=(^(tf°+// mi )). The analytical solution for the 
eddy current field distribution is known for some simple do¬ 
main structures as in the case of a sheath with periodical bar 
domains. 20 Recently an analytical result has been obtained 
for a wire with circular domains around it with a periodic 
spacing 2d, as shown in Fig. 8. In this case, which is a prime 
interest here, the effective permeability can be written in the 
form 10 

A v .=M v /(l~;'«/w rel ), (6) 

w iel = c 2 /167J7i 9 cnu/]£ g n , (7) 


8n 



xJ [(x)dx 


coth(\ n d/a)/\ 5 lt }l(X n ), 


where a> rel is a characteristic relaxation frequency, are 
such that J l (K n )=0. The series in Eq. (7) is rapidly converg¬ 
ing and is equal to 0.053 for d^ai 3.8. From Eqs. (6) and 
(7) it follows that if the initial permeability /z . v is a function 
of the magnetic field, the parameter jx 9 will also sensitively 
depend on the field while w<w rcl . In the limit tug>w rel the 
effective permeability tends to be ii 9 =jc 2 t{Q.9irad<a) and 
is independent of /x^ and, hence, of the field. 

It should be noted that the eddy current losses in the case 
under consideration prove to be about 3 times lower than that 
for a bar domain structure. 20 Due to this the permeability 
maintains its low frequency value till higher frequencies and 
the condition = c 2 llTra 2 <T)x lf <o)<M K{ is easier satisfied, 
in the case of a wire with circular domains. 

V. MAGNETO-IMPEDANCE CHARACTERISTICS 

To describe quantitatively the magneto-impedance effect 
in negative magnetostrictive amorphous wires we will use 
expression (4) which is valid for any frequency together with 
the frequency dependent magnetic permeability defined by 
Eqs. (6) and (7). For the initial permeability entering Eq. (6) 
we will use the result of Ref. 9 shown in Fig. 2. We can 
assume that those field dependencies are valid for the linear¬ 
ized permeability as well. 

First, let us investigate a high frequency (a/5 m >l) ex¬ 
pansions of the impedance, substituting the complex perme¬ 
ability in Eq. (5), 

Z=R(a/28)(\fix^-j\ffxl)-j(t)L e /c 2 , 

I R'lfl tA ip> R-i.~ IavI~• 

It follows from Eq. (8) that at high frequencies such that 
M*<a><w„| both the resistive and inductive components of 
Z depend on the permeability and contribute to the depen¬ 
dence of Z(// ex ). At w/w rd S>l the ratio /x,J/ x r ^((d k] I2u>) 2 
and tends to be zero, so the wire behaves as a resistive ele¬ 
ment (see experimental wave forms in Fig. 6). However, un¬ 
der this condition the dependence of Z on H n disappears 
since the permeability becomes independent of the field. 

The frequency dependence of the impedance in the pres¬ 
ence of the external field is shown in Fig. 9. We use the 
reduced frequency w=(a/5)*. The reduced external field 
h = HJH K is chosen to be h < 1 since we are concerned 
with the permeability associated with domain wall displace¬ 
ment. Figure 9(a) shows the module of the impedance |Z| as 
a function of w. The considerable field dependence occurs in 
some frequency range 1 < wfx v < u> re ,/a> 7 where the skin ef¬ 
fect is suitable but the magnetic permeability fx^ still has 
relatively high values. As a result, the relative change in the 
impedance AZ/Z = 1 - |Z(// ex )/Z(0)| by the external field 
has a maximum which achieves 50% at /i = 0.8 as shown in 
Fig. 9(b). Such impedance behavior is consistent with the 
experimental results. In Fig. 10 the MI ratio AZ/Z is com¬ 
pared with the experimental data obtained on amorphous 
wires of different diameters, showing a satisfactory agree¬ 
ment. In accordance with the skin effect, the maximum of 
AZ/Z shifts to lower frequencies for a larger diameter wire. 

In Fig. 11 the field dependence of AZ/Z is shown for 
some frequencies. The plot is shown symmetrically since the 
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FIG. 10. Experimental and calculated frequency dependencies of AZ/Z at 
H cx = 10 Oe for a 124 pm diameter as-cast wire [^(// ex =0)=9800] and a 
30 fim diameter tension annealed wire [/x v .(ff cx =0)=13 000], The data for a 
5 /am diameter wire obtained by etching are shown for a comparison. 


static permeability does not exhibit hysteresis with respect to 
h. Here the case of h > 1 is considered as well. At such fields, 
a wire is longitudinally magnetized and the circumferential 
permeability is associated with only the magnetization rota¬ 
tion. In the frequency range under consideration it can be 
assumed to be frequency independent. The MI ratio rapidly 
increases at fields lower than the anisotropy field H K (h< 1), 
and it increases little at fields higher than H K (h> 1). Such 
behavior reflects the field dependence of the static permeabil¬ 
ity that was used for the impedance calculation (curve 3 in 
Fig. 2). In Fig. 12 the experimental and calculated curves are 
shown for a 30 /um diameter tension annealed wire, showing 
a reasonable agreement. 

It should be noted, that with increasing frequency the 
rotational permeability becomes important even at h<\, 
since the wall motion becomes more and more damped. The 
longitudinal field stimulates the rotational process while 
h< 1, and the corresponding permeability has a maximum at 
h = 1. This tendency can l« seen in Fig. 5 for higher frequen¬ 
cies. 

VI. CONCLUSION 

We can conclude that the magneto-impedance effect has 
a classical electromagnetic origin and is a general phenom¬ 
enon in soft magnetic conductors. At high frequencies when 



FIG. 11. Field dependencies of the Ml ratio AZ/Z for various frequency tv. 



FIG. 12. Experiment,. 1 and calculated data on the field dependence of A Z/Z 
for a 30 pm diameter tension annealed wire. 


the skin effect is strong, the impedance is subject to the 
current distribution which sensitively depends on the trans¬ 
verse magnetic properties. The most sensitive magneto¬ 
impedance effect can be expected in soft magnetic materials 
with domain walls perpendicular to the current and external 
field direction. In this case the change in Z of the order of 
50% can be reached with fields of the order of the anisotropy 
field. This configuration is realized in negative magnetostric- 
tive amorphous wires having a circular domain structure. 
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Very large magneto-impedance in amorphous soft ferromagnetic wires 
(invited) 

K. V. Rao, F. B. Humphrey, a) and J. L. Costa-Kramer 

Department of Condensed Matter Physics, Royal Institute of Technology, Stockholm, Sweden 

Changes in the impedance, a =600%/Oe, at axial fields less than 1 Oe nave been observed in the 
presence of a 90 kHz, few mA current through a soft, nearly zero magnetostrictive wire. In this 125 
yum diameter CoFeSiB amorphous wire we observe a total change of 160% at the maxima of the 
impedance in dc fields less than 2 Oe. A systematic study of the role of induced anisotropy in the 
axial, circumferential, and helical directions on the magneto-impedance shows that the largest effect 
is seen in the wire annealed to obtain circumferential easy axis using a 15 mA ac current passing 
through it. Both the axial hysteresis loops and the observed l-V characteristics reflect the induced 
anisotropies. The observed dependence of the inductance change on the type of the anisotropy 
induced in these wires can be modeled in terms of an interplay between the induced anisotropy, 
reversing ac field, and the axial dc field. 


I. INTRODUCTION 

Recently, there has been considerable interest in the 
giant-magneto-resistive (GMR), phenomena observed in a 
wide variety of magnetic materials such as multilayers, 
granular, and other heterogeneous structures. For device ap¬ 
plications a large change in GMR per Oe at room tempera¬ 
ture and low external fields is of interest. 

In this paper we elucidate the role of induced anisotro¬ 
pies to explain the large changes in the magneto-impedance 
observed 1 in a nearly zero magnetostrictive wire at external 
fields as low as 1 Oe. Amorphous wires, produced by inject¬ 
ing a melt through a continuously moving fluid, 2 develop a 
unique microstructure because of the axial direction in which 
it is cast and the homogeneous radial rapid cooling process 
during solidification. 3 Such transition metal based amor¬ 
phous wires are found to possess unique soft magnetic prop¬ 
erties which are already used in applications as sensors 4 In a 
Co-Fe-Si-B amorphous wire with the absence of crystalline 
anisotropy it is now possible to tailor 5 a nearly zero magne¬ 
tostrictive (X i <10 -9 ) wire in which we can induce axial, 
circumferential, or helical anisotropies with practically no 
dispersion and study the response of such a system to exter¬ 
nal fields. The magne o-inductive properties found in such 
tailored wires are promising for developing novel low field 
sensors. 

II. EXPERIMENT 

In order to study in depth the role of the type of induced 
anisotropy we have specially prepared the amorphous wnes 
in a well defined magnetic state with axial, circumferential, 
and helical anisotropies using the following procedure: four 
45 cm long, 125 /xm diameter wires of nominal compo'hion 
(Co 9 4 Fe 6 ) 7 2 5 Si 12 5 B 15 , were used. Three of these were an¬ 
nealed in air using a current of 350 mA for 30 min. During 
this anneal, the field direction on each wire was carefully 
controlled so that a well defined induced magnetic anisov 
ropy would develop. One wire was anneaied in the presence 
of an axial dc field to obtain an axial anisotropy. Another was 


■“’Visiting from Boston University 


annealed with only the ac current to induce a circumferential 
anisotropy. The third, was annealed using a dc current in the 
presence of an axial dc field of such a value as to create a 45° 
helix at the wire surface. 

The axial hysteresis loops of the wires were measured 
with a conventional induction technique hysteresis loop 
tracer. If uses a primary coil 27 cm long, 3 cm diameter, with 
a field to current constant of 22.9 Oe/A. A 31 Hz sinusoidal 
current is fed to the primary, the voltage across a resistor 
connected in series with the primary coil fed to the X channel 
of an oscilloscope. The voltage induced in a 1000 turn 0.8 
cm long secondary, properly compensated for the applied 
field, is integrated and displayed in the Y channel of the 
oscilloscope where the longitudinal hysteresis loops are 
monitored. 

The l-V characteristics of the wires were studied passing 
an ac current through the wire and a resistor connected in 
series. We use an oscilloscope to visualize the voltage across 
35 cm of the amorphous wire against the voltage across the 
resistor. The current through the wire creates a circumfcen- 
tial field of about 0.031 Oe per mA at the surface. An FFT 
spectrum analyzer, model SR760 from Stanford Research 
Systems, was used to measure the different spectral compo¬ 
nents of the magneto-impedance. In this work we present the 
amplitude of the first harmonic of the voltage as a function of 
the axial field for the above mentioned wires. 

III. RESULTS AND DISCUSSION 

In Fig. 1 the longitudinal hysteresis loops for the amor¬ 
phous wires as-quenched, and annealed under different con¬ 
ditions are displayed. The saturation magnetization value for 
the wire is f^und to be about 5700 G. The as-quenched wire 
[Fig. 1(A)] reaches magnetic saturation at a field of about 0.5 
Oe with iW r /A/ s =0.61. The axial anisotropy wire [Fig. 
1(B)] clearly displays ac. axial -asy direction of the magne¬ 
tization with H c of about 0.035 Oe. The wire 

with circumferential anisotropy [Fig. 1(C)] exhibits a hyster- 
etic If'op typical when a magnetic field is applied along a 
hard axis direction (M r /M s ^0) with H k of about 1.3 Oe. 
The wire with induced helical anisotropy r Fig. 1(D)] displays 
a loop with an intermediate behavior for which 
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FIG. 1. Longitudinal hysteresis loops for (Co 94 Fe 6 )72 5 St U5 B 1 j wire in the 
(A) as-quurhed, and current annealed under different conditions for in¬ 
duced (B) axial anisotropy, (C) circumferential anisotropy, and (D) helical 
anisotropy. 

M r /M S =Q.85 which corresponds to an average orientation 
of the magnetization of 32° with respect to the axis. If we 
assume a 45° orientation of the magnetization at the surface, 
which decreases monotonically as we proceed radially in¬ 


wards, to an axial orientation at the center of the wire, we 
estimate a theoretical average angle to be 30.7°, which is 
quite close to the measured value of 32°. This wire axially 
saturates at an external field of about 1.5 Oe. 

The frequency dependence of the I-V characteristics at 
zero applied axial magnetic field for the same wire is shown 
in Fig. 2. On the vertical axis we display the voltage across 
35 cm of wire and, on the horizontal axis, the voltage across 
a resistor in series with the wire which is proportional to the 
current amplitude value. As observed, at low frequencies in 
all cases the resistive (linear and reversible) component of 
the impedance dominates. The slope of this linear part is 
related to the dc resistance of the wire (about 35 Cl). As the 
frequency of the ac current is increased, the inductive com¬ 
ponent of the impedance develops. Notice that the I-V loop 
closes at the current amplitude which saturates the sample 
along the circumferential direction, proportional to the cir¬ 
cumferential anisotropy field. Accordingly, the area under the 
inductive peak should be proportional to the frequency of the 
excitation and the amount of circumferential flux which is 
being switched. The position of the maximum of the peak in 
the inductive component provides us with the circumferential 
coercive field at which the maximum flux change takes 
place. 

As seen in Fig. 2(A), the as-quenched wire has a small 
inductive component of the impedance even for 100 Hz fre- 
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FIG. 3. Magneto-impcdancc measured with 3 mA at 10, 50, and 90 kHz for (Co^Fe^^Si,, <B i: wire in the (A) as-quenched, and current annealed under 
different conditions for induced (B) axial anisotropy, (C) circumferential anisotropy, and (D) helical anisotropy. 


qucncy. On increasing the frequency of the current, the in¬ 
ductive component grows and is displaced toward higher 
current values, indicating the displacement of the circumfer¬ 
ential coercive field as we increase the frequency of the ex¬ 
citation. This is concomitant with a decrease of the circular 
susceptibility. For the induced axial anisotropy wire [Fig. 
2(B)] we do not observe a significant inductive component of 
the impedance at 100 Hz. In a similar fashion to the as- 
quenched wire, the inductive component increases as the cur¬ 
rent frequency is increased. The wire with circumferential 
anisotropy [Fig. 2(C)] displays the inductive bumps sepa¬ 
rated by a central linear and reversible part up to 50 kHz 
current frequency. This suggests the existence of a critical 
circumferential switching field below which there is no sig¬ 
nificant circumferential flux change and accordingly no axial 
inductive voltage. At a threshold the circumferential magne¬ 
tization switches, as noticed by the appearance of the induc¬ 
tive component of the voltage. Notice also that, as before, the 
inductive component of the impedance displaces to higher 
current amplitude values on increasing the current frequency. 
For the wire with induced helical anisotropy [Fig. 2(D)] we 
observe a mixture of the previous two behaviors, i.e., a dis¬ 
placement of the inductive peaks plus a broadening of the 
l-V loop. The observed behavior could be viewed as a mix¬ 
ture of the axial and circumferential l-V characteristics. 

The inductive component shown in the various wires of 
Fig. 2 can be identified by using an axial field. In all the 
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wires, when a 100 Oe axial field is applied, each of the 
curves collapse to a diagonal resistive line. The inductive 
component disappears, leaving pure resistive behavior. Con¬ 
sequently, the deviation from the resistive behavior at a given 
frequency and amplitude of the current, provides a measure 
of the magnitude of the impedance change from zero to satu¬ 
ration. 

We now discuss the evolution of the magneto-impedance 
in the wire with a well tailored anisotropy. The actual field 
evolution of the voltage between the ends of the wire de¬ 
pends both on the amplitude of the ac current and on the 
magnetic anisotropy. In. Fig. 3 the amplitude of the funda¬ 
mental of the impedance as a function of the axial dc field is 
presented at three different frequencies (10, 50, and 90 kHz) 
when a 3 mA ac current is flowing through the wires with 
different induced anisotropies. A 3 m<'. current flowing 
through the wires creates a maximum circumferential field at 
the surface of about 0.1 Oe. This field will try to oscillate the 
magnetization circumferentially. The amount of flux change 
(and accordingly the axial inductive voltage) will depend on 
the magnitude and relative orientation of the anisotropy and 
the applied ac field. It will also depend on the magnetic 
softness of the material which in amorphous materials is pri¬ 
marily determined by the magnitude and sign of the magne¬ 
tostriction. On applying an axial field, we modify the zero 
field domain structure tilting the average magnetization to¬ 
ward the axis, and, consequently, change the relative orien- 
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tation of the average magnetization to the applied circumfer¬ 
ential field, resulting in the magneto-inductive /oltage 
changes. This voltage change will thus reflect the change of 
circular susceptibility at the frequency of the excitation as we 
proceed towards axial saturation, in the external field. 

For the as-quenched wire [Fig. 3(A)] at 10 kHz we ob¬ 
serve a continuous decrease of the inductive voltage as a 
function of the axial field, demonstrating partly k decrease of 
the circular susceptibility as we align the magr etization axi¬ 
ally. On increasing the current frequency the inductive volt¬ 
age first increases and then decreases This may be caused by 
an increase in the average circular susceptibility at that fre¬ 
quency values as we align the magnetization axially. At high 
enough axial field values a pure resistiv., behavior is ex¬ 
pected, the magneto-impedance is then saturated. 

The axial anisotropy wire [Fig. 3(B)] displays the 
magneto-impedance at the three selectee frequencies. Below 
1 Oe there is no significant chang; of the magneto¬ 
impedance. As the field increases farther, the magneto¬ 
impedance starts to decrease, demons! ating the reduction of 
the amplitude of the circumferential flux oscillations created 
by the current’s self-field. 

In the case of the circumferential anisotropy wire, the 
magnetization is oriented circumferentially in the demagne¬ 
tized state. Below the circumferential critical switching field 
there is no circumferential flux change [central part of the I-V 
characteristic, Fig. 2(C)]. However, the situation changes on 
applying an ax'al field. When the applied axial field over¬ 
comes the effect of the circumferential anisotropy, the mag¬ 
netization will rotate toward the axial direction. The circum¬ 
ferential susceptibility is expected to increase. The magneto¬ 
impedance data for this wire [Fig. 3(C)] is consistent with 
this picture. A sharp rise in the inductive componc it of the 
impedance at about 0.8 Oe, reaching a maximum value at 
about 1 Oe is observed. On increasing the axial field further, 
the circular susceptibility decreases, eventually to zero re¬ 
sulting in no inductive voltage. Notably, the maximum 
change in the impedance is 220% at 90 kHz, with a maxi¬ 
mum slope at field values between 0.8 and 1.1 Oe of about 
300%/Oe! 

The magueto-impedance for the helical anisotropy wire 
[Fig. 3(D)] displays a behavior qualitatively similar to the 
as-quenched wire with a lower axial saturation field. At 10 
kHz current frequency a continuous decrease of the voltage 
is observed as the axial dc field is raised, while at higher 
frequencies the initial slope tends to be positive. The low 
axial saturation field of the magneto-impedence might be 
explained in terms of a smaller circumferential susceptibility, 
as compared with the as-quenched wire case at the same 
current value. The axial field required to stop the magnetiza¬ 
tion oscillations in the circumferential direction is accord¬ 
ingly smaller. 

The remarkable magneto-impedance behavior for the 
wire with circumferential anisotropy, can be seen in more 
detail in Fig. 4. The relative change in voltage is seen as a 
function of the axial field for different ac currents through 
the wire at a constant frequency of 90 kHz as a parameter. 

As the amplitude of the ac current is increased [see Fig. 
4(A)], the impedance threshold is displaced to lower axial 
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FIG. 4. Dependence of the magneto- impedance on the current ampltludc at 
90 kHz for a (Co w Fc 6 ) 72 5 Si, 2 5 B, 5 wire with induced circumferential anisot¬ 
ropy at (A) 3, 10, and 15 mA and (B) 25 and 60 mA. 


fields. This can be understood in terms of the balance be¬ 
tween the circumferential anisotropy, the applied axial dc 
and circumferential ac fields. As the amplitude of the ac cir¬ 
cumferential field is increased, the dc field required to tilt the 
magnetization such that the ac circumferential field manages 
to set the magnetization to oscillate in the circumferential 
direction is decreased. On increasing the current amplitude 
further [as seen in Fig. 4(B)], a value is reached for which all 
the circumferential flux is oscillating at zero axial field. 
When this value is reached, the behavior of the magneto- 
impedance changes to a continuous decrease in amplitude as 
the axial neld is increased as shown by the open circles 
(60 mA). 


IV. CONCLUSIONS 

Current annealing proves to be a powerful method to 
tailor magnetic responses, particularly the magneto¬ 
impedance, of amorphous soft ferromagnetic wires. 

The magneto-impedance effect has been studied in low 
magnctostrictive amorphous wires with different easy mag¬ 
netization axes. The observed current, frequency, and axial 
field dependencies of the magneto-impedance support the 
view of an effect related to the soft magnetic properties of 
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the wire, i.e., voltage changes caused by large circular mag¬ 
netic flux variations driven by the field generated by the 
current. 

The nature of the magnetic anisotropy is an essential 
ingredient in the description of the effect. The field and cur¬ 
rent dependencies of the magneto-impedance are markedly 
different for axial and circumferential anisotropies, i.e., do¬ 
main orientations parallel and perpendicular to the applied dc 
field. As expected, the characteristics of the changes in the 
impedance are found to be maximum in the wire with in¬ 
duced circumferential magnetic anisotropy. A maximum 
change of +220% in the impedance value at an external field 
of about 1 Oe, and a slope of 600%/Oe at axial field values 
below 1 Oe in the presence of a 15 mA, 90 kHz current are 
found in this wire. A quantitative analysis of the magneto¬ 
impedance and its dependence on the applied external dc 
fields in the presence of ac currents through the wires will be 
presented elsewhere. 
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Sensitive field- and frequency-dependent impedance spectra of amorphous 
FeCoSiB wire and ribbon (invited) 

R. S. Beach and A. E. Berkowitz a) 

Center for Magnetic Recording Research, University of California, San Diego, La Jolla, Califot ma 92093 

Conflicting reports of large magnetoresistive and magnetoinductive effects in amorphous FeCoSiB 
wires and ribbons prompted the impedance measurements reported here. The spectra ( 0 =s/=s 3.2 
MHz) were obtained at room temperature using a commercial impedance analyzer both as functions 
of axial magnetic field (- 140<// A < 140 Oe) and sense current (l:£/ rms ^60 mA). The phase shift 
due to the test leads was carefully measured and subtracted from the raw data to resolve the spectra 
into resistive R(f ) and reactive X(f ) components. We find for the Fe^Co^Si^sBjs wire (120 
/cm diameter) and ribbon (20 /i m thick) that both R(f ) and X(f ) depend strongly on frequency 
and magnetic field. For H A = 0, each component increases monotonically with frequency, with 
/?(/= 0)=1 fl/cm and X(f= 0) = 0. In high fields (H A = 140 Oe), R(f ) and X(f ) are nearly 
frequency independent. The field-dependent response is sharply peaked about H A =0\ the full width 
at half maximum is FWHM*s20 Oe, typically. The change in R(f ) and X(f ) between these two 
extremes is extraordinarily large; 4.5 fl/cm at f— 1 MHz is a typical value for the wire. The 
sensitivity of the magnetoresistive response is 44% of the dc resistance per Oe for /= 1 MHz. 

Qualitatively similar phenomena were observed for the Fe 7 5 Co 67 5 Si 15 B 10 ribbon, although the field 
and frequency dependences of the spectra are less pronounced than for the wire. We discuss a model 
which describes the spectra quantitatively, using classical electrodynamics. 


I. INTRODUCTION 

In spite of the fact that amorphous ferromagnetic mate¬ 
rials have zero magnetocrystalline anisotropy, magnetic isot¬ 
ropy has not been attained in the laboratory. The small, yet 
finite coercivities, permeabilities less than simple theoretical 
predictions, and the unusual domain structures characteristic 
of these materials demonstrate the presence of anisotropy 
despite their amorphous microstructure. It is generally be¬ 
lieved that the anisotropy observed in amorphous ferromag- 
nets is predominantly due to magnetostriction. Magnetostric¬ 
tion anisotropy is governed by the alloy composition, which 
determines the value of the magnetostriction coefficient \, 
and stress fields which result from the fabrication process. 
Amorphous ferromagnetic wires are produced by quenching 
a molten stream in water. This process results in wires with a 
radially directed stress field and, consequently, anisotropy 
fields that are either radial or circumferential, depending on 
the sign of X. 

Due to their potential uses in transformers and transduc¬ 
ers, the magnetic properties of amorphous ferromagnets in 
the frequency domain have been studied extensively. These 
materials typically exhibit high permeabilities and low 
losses, characteristics desirable for many high-frequency ap¬ 
plications. The permeability, in particular, is dependent upon 
the anisotropy field, the domain structure, and the magnitude 
and topology of the magnetic field acting on the material. 

Recent work by the authors, 1 by Mohri and co-workers, 2 
and several others 3 " 5 has focused on ac electrical transport 
phenomena in amorphous FeCoSiB alloys. These researchers 
have demonstrated firstly that the impedance Z(f )-R(f ) 
+ iX(f ) of certain amorphous wire and ribbon samples is a 


‘ Also at Department uf Physics, University of California, San Diego, La 
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very strong function of the frequency / of the drive current, 
and secondly, that this strong frequency response can be vir¬ 
tually eliminated by the application of a magnetic field H A of 
the order of 10 Oe. Such amorphous materials have the po¬ 
tential to be used as simple, extremely sensitive magnetic 
field detectors. 

In our research, we havr found that a sensitive magne¬ 
toresistance R(f,H A ) accompanies the previously observed 2 
field-dependent reactance X(f ) of amorphous FeCoSiB 
wires. At room temperature and for />3 MHz, the net mag¬ 
netoresistance exceeds 600% of the dc wire resistance. This 
large response enables us to detect changes in the applied 
field of less than 0.001 Oe. The impedance spectra of as-cast 
FeCoSiB ribbon have also been measured, and we observe 
field-dependent effects that are of the same order of magni¬ 
tude, but somewhat smaller than those for wires. For the case 
of wires, we are able to fit the spectra to a straightforward 
model that is based on classical electrodynamics. 


A. EXPERIMENTAL 

All of the data presented herein were obtained using a 
Schlumberger 1260 impedance analyzer running in constant 
current amplitude mode. The FeCoSiB ribbon and wire 
samples were first cut to lengths of 3 cm and cleaned in a 
solution of HC1 and ZnCl. T\vo current leads were attached 
to the ends of the samples, and two voltage leads, 1.4 cm 
apart, were attached between these. All the connections were 
made with Ag paint. The contact resistances were less than 1 
f l. The samples were mounted inside a grounded chassis box 
which was connected to the analyzer with four coaxial 
cables. The cables were roughly 40 cm long and permitted 
the samples to sit within a Helmholtz coil (diameter 30 cm), 
which produced a dc magnetic field -140 Oe<// 4 <140 Oe 
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FIG. I. The impedance of an amorphous Fe 7 jCo 675 Si 15 B 10 ribbon Z-R 
+ iX vs magnetic field (- 140<// a <140 Oc) for three sense current fre¬ 
quencies, /= 10 kHz, 100 kHz, and 1 MHz. The peak at H A = 0 grows 
dramatically with increasing /. Note also the frequency dependence of the 
peak widths. 

along the lengths of the samples. The samples were aligned 
with their long axes (parallel to the current) normal to the 
earth’s magnetic field. All the data were collected at room 
temperature. 

The measured impedance spectra Z(f,H A ) were re¬ 
solved into resistive R and reactive X components by sub¬ 
tracting the previously determined impedances of the instru¬ 
mentation and test leads from the raw data. This null 
correction amounted to approximately 10% of the measured 
wire signal for/=l MHz. Frequency sweeps (100 Hz</<3 
MHz) and current amplitude sweeps (0.5 mA</ rnis <60 mA) 
were controlled by computer. Field sweeps were performed 
manually. The applied field had no direct observable effect 
on the experimental apparatus. 

III. IMPEDANCE Z(f,H A ) OF AMORPHOUS FeCoSiB 
RIBBON AND WIRE 

A. Ribbon 

In this paper we discuss the impedance spectra Z(f,H A ) 
obtained from FeCoSiB ribbon and wire samples under the 
influence of an axially applied magnetic field H A . We expect 
that these materials are very soft ferromagnets, with dc co- 
ercivities considerably less than 1 Oe, although this was con¬ 
firmed only for the ribbon sample. 

The 0.9-mm-wide by 20±3-/zm-thick Fe 75 Co 675 Si 1 5 B 10 
ribbon was prepared by melt spinning by J. L. Walter of the 
General Electric Research and Development Center. The 
amorphous structure of the ribbon was verified by x-ray dif¬ 
fraction. The as-cast ribbon has a resistivity p= 145 /xil cm. 
It exhibits only a small anisotropic magnetoresistance of 
~0.1% at room temperature, and a small linear decrease of 
R(H a ) for fields I ( A >5 kOe. This benavior is typical of 
ferromagnetic 3 d metals and alloys. In Fig. 1 we show the 
response of the ribbon impedance (in units of fl/cm ribbon) 
to a magnetic field applied along the ribbon’s length, at drive 
current frequencies of 10 kHz, 100 kHz, and 1 MHz. The 
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TABLE I. The relative magnitudes and widths of the peaks in R and X for 
a Fe 75 Co 6M Si i5 B, 0 ribbon, taken from Fig. 1. The resistance for /=0 is 
/? dc =0 8 H/cm. 


Frequency 

10 kHz 

100 kHz 

1 MHz 

bR/R 

0.4% 

5.5% 

23% 

A X/R 

1.1% 

10.1% 

46% 


1.0 Oc 

1 8 Oc 

5.3 Oc 

A H x 

3.5 Oc 

7 2 0c 

25 Oe 


drive current amplitude used in collecting these data was 
/ rms =10 mA. The dc impedance (not shown) is flat on this 
scale, and is purely real. For frequencies / other than zero, 
peaks in both the resistance R and reactance X appear, cen¬ 
tered about H A = 0. Both the magnitudes and widths of the 
peaks in R and X grow monotonically with frequency. For 
f-\ MHz, the magnetoresistance ratio is 
(^max - ^sat)/^sat = 23%. The dc resistance /f dc =0.8 fl/cm is 
apparently equal to K sal , the ac resistance in the limit of high 
H a . The relative change in reactance for f -1 MHz is 
A.Y//? sat =A' max //? sat =46%. We note that the widths of the 
resistive and reactive responses are different. The full widths 
at half maximum of the resistance curves FWHM=2A// /( 
are less than those for the reactance 2 A H x for each value of 
/ shown. The magnitudes of these peaks A R and AA\ and 
their widths A H h and A H x are given in Table I. Parameters 
which serve to quantify the sensitivities of the lesistive 
and reactive responses are (\/&H R )(kR/R) and 
(l/A/f Y )(AA7/?). For /= 1 MHz, these are, respectively, 
4.3% fOe and 1.8%/Oe. We observe relatively little response 
in either R or X when H A is perpendicular to the current. 

Impedance spectra (0</<3 MHz) in zero field and for 
H a = 140 Oe are displayed in Fig. 2. The zero-field reactance 
exhibits negative curvature for the entire frequency range, 
and linearly approaches a value X=Q M f =0. On the con¬ 
trary, the resistance displays positive curvature up to /= 1.5 
MHz; for /> 1.5 MHz, the curvature of R(f ) is negative. 
Similar zero-field behavior, very much smaller in magnitude, 
was previously observed 6 for FeCoSiMoB ribbons. 

The spectra are rendered nearly completely flat by a 140 
Oe magnetic field, as shown in the Fig. 2. The resistance 



FIG 2. Impedance spectra for Ihe amorphous Fe 75 Co 675 Si 15 B 1(J ribbon for 
zero applied field, and for an axially applied field of 140 Oe Close inspec¬ 
tion ol the figure reveals an inflection point at /—I 5 MHz The 140 Oc field 
suppresses the frequency responses almost completely 
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FIG. 3. Impedance spectra of a Fc 4 aCo^Si^jB^ wire for axially applied 
magnetic fields H A =0,3.5,14, 35, and 140 Oe Solid lines connect points at 
fixed H A 


R(f ) has no visible slope for this field. One will note a 
small positive slope inX(f,H A — l40 Oe), which is consistent 
with the different widths of R(H A ) and X(H A ) found in the 
field scans of Fig. 1. Note that A R is less than AX for a'l 
frequencies /<3 MHz. At a frequency of /=3.2 MHz, A/t/ 
R=59% and AAV/? =89%. 

B. Wire 

The nominally amorphous Fe 4 3 Co 68 2 Si, 2 sB !5 wire 
sample was fabricated by the technique of quenching in .o- 
tating water 7 by the Unitika Corp. of Japan. We are grateful 
to R. Hasegawa for making it available to us. The wire has a 
120 fim diameter, and a resistivity p- 135 pfl cm. Imped¬ 
ance spectra obtained from this sample in various axially 
applied magnetic fields are displayed in rig. 3. These share 
many characteristics with the ribbon spectra, shown in Fig. 
2. Both R(f ) and X(f ) increase monotonically with fre¬ 
quency, and are driven to lower values by the axial field, but 
the magnitudes of the responses are A/?//?=370% and AX/ 
R- 350% for a frequency /= 1 MHz, an order of magnitude 
larger than for the ribbon. Like the ribbon, X(f ) also exhib¬ 
its negative curvature and vanishes for /=0, but the curva¬ 
ture in /?(/) is predominantly negative for 0</<l MHz 
(where that for the ribbon is positive). However, as / ap¬ 
proaches zero, the second derivative of /?(/ ) becomes posi- 



FIG. 4. The impedance spectrum R(f ) and X(f ) for the 
Fe 4 2 Si ]2 sBis wire subjected to an axial magnetic field H A = 1.4 Oe 
(the amplitude of the sense current is 10 mA rms) Note the inflection point 
in R(f ) for /-=60 kHz The solid lines shown are a fit to Eq. (2) using two 
parameters. 
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FIG. 5. Data from Fig. 3 plotted vs the applied field (0<// 4 <140 Oe). (Data 
for H,i=75 Oe were not included in Fig. 3 for clarity) We observe little 
difference between these uata and those obtained by scanning ll A with / 
fixed. 


live. This behavior is clearly evident in Fig. 4, where we 
show Z(f ) for H a = 1.4 Oe. At higher frequency, both /?(/ ) 
and X(f ) increase as f vl . For H A - 0, the inflection point 
which separates the two regimes occurs for /=60 kHz. A 
H a = 140 Oe applied field virtually flattens the resistive fre¬ 
quency response (R(f,H A = 140 Oc)s/? sat ), and like the rib¬ 
bon, only a small positive slope remains in X(f ) for 
// A = 140 Oe. This particularly simple form of Z(f ) at high 
field, for which R(f )=R sal and X(f )= 0, is easily ex¬ 
plained: when the sample is saturated, the anomalous mag¬ 
netic effects disappear, and we observe flat spectra (for 
0</<l MHz) typical of nonmagnetic materials. 

Figure 5 shows data taken from Fig. 3 in the H A -Z plane 
(we also show additional points for H A =15 Oe). The lines 
join data obtained at a fixed frequency. The data display a 
pronounced increase in R and X as hl A is reduced to zero. 
For all values of H A , both R and X increase with increasing 
frequency, and at high field tend to ■ heir respective dc limits. 
The widths of the curves also increase monotonically with 
frequency, as for the ribbon. We observe no hysteretic effects 
associated with sweeping frequency at fixed magnetic field, 
rather than sweeping field at fixed frequency. Table II 
displays A/?//?, AAV/?, and the widths A H R and A H x ob¬ 
tained from the wire. For /=3.2 MHz, AAV/? =470% and 
AR/R =620%. For the wire, as well as the ribbon, 
AH R <AH X . The sensitivities of the resistive and reactive 
responses for /=! MHz are extraordinarily high: 
(1 /A//fl)( A/?//?)=44%/Oe and ( l/AH x )(AX/R) 

= 16%/Oe. 


TABLE II. Relalive magnitudes and widths for the Fe 4 ) Co 68 iSi|i 5 Bi 5 wire 
sample taken from Fig 5. The resistance at /—0 is /?*=1 2 fl/cm. 


Frequency 

10 kHz 

100 kHz 

1 MHz 

AR/R 

4% 

80% 

370% 

AX/R 

21% 

120% 

350% 

AH, 

1.5 Oe 

1.9 Oe 

8.5 Oe 

AH X 

2 7 Oe 

8.3 Oe 

21 5 Oe 
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IV. MODEL FOR SPECTRA 

Two characteristics common to the spectra of both wire 
and ribbon are the negative curvatures of the reactances 
X(f ) and the inflection points m the resistances R(f ); the 
latter separates the low frequency behavior, dominated by 
positive curvature, from that at high /, where the curves are 
concave down. For the case of the wire, both R and X in¬ 
crease with / 1/2 in the high / limit. Such features are charac¬ 
teristic of the impedance of nonmagnetic wires. 8 However, 
for a wire of the same diameter and resistivity (120 fim and 
135 /Al cm), these features should appear for /=10 MHz, 
not at the onset frequency /=15 kHz observed. 

The magnetic response to the field produced by the drive 
current is evidently the mechanism which gives rise to the 
tremendous frequency dependences of the ribbon and wire 
impedances. (The effect of Joule heating on the spectra was 
previously found to be unimportant. 1 ) The domain structure 9 
of amorphous FeCoSiB wire is determined by its negative 
magnetostriction coefficient \s-l0~ 7 in combination with 
quenched-in radial tensile stress. The resulting magnetic easy 
direction is circumferential (at least near the wire’s surface). 
The domain structure is broken along the wire’s length into 
alternate left- and right-handed circumferential domains. 
Evidently, this magnetic structure is highly susceptible to the 
field of a current flowing in the wire. 

We model the impedance spectra of the wire using Max¬ 
well’s equations. The response to the field generated by the 
drive current is governed by the circumferential permeability, 
denoted We assume that does not depend on position. 
This is a crude approximation; the core of the wire, very 
probably, is longitudinally magnetized. 9 Nevertheless, it is 
correct to first order. From Maxwell’s equations we deduce 
that the skin depth for a wire with circumferential anisotropy 
is 

<5= x/p/JIJif, (*) 

from which follows 8 

1 J 0 (ka) 

Z.R + a .^.— y (2) 

where the J, are Bessel functions of the first kind, 7? dc is the 
/=0 resistance of the wire (per cm), a the wire radius, and 

* = (l + i) ~ s . 

The data may be fit to Eq. (2), with fi# a real constant. 1 Here 
we include the possibility that /z^ is frequency dependent. 
We assume that this arises from a damped magnetic re¬ 
sponse, characterized phenomenologically by a relaxation 
time r. The permeability = yu.^, + is then given bv 10 

, , , 4 '"Wo „ 47tx 0 wt 

A ^ _1 + IT^rr ’ no¬ 
where is the susceptibility for /=0 and w=2 irf. The solid 
lines in Fig. 4 are a fit with two parameters, 
1+47 t^ o =^(/= 0)=6074 and l/r=10.45 MHz. A rigorous 
model of the impedance would include nonlinear terms in the 



FIG. 6 Field dependence of the fitting parameter fi'(f=0,H A ) 
= 1 +4ttxo(Ha) of Eq. (3). The points were obtained by fitting data from 
Fig. 3 to Eq. (2) using Eqs. (1) and (3). 

magnetic response to the drive current (saturation of the cir¬ 
cumferential magnetization being the most obvious nonlinear 
phenomenon not contained in the above), as well as a fre¬ 
quency dependent relaxation time. In its present form, the 
model describes the data extremely well, especially consid¬ 
ering the approximations we have made. 

The permeability was so determined from the Z(f) 
shown in Fig. 3 for a variety of H A . Its value at zero fre¬ 
quency /t^(/=0) (purely real) vs H A is shown in Fig. 6. The 
sharp decrease in fi^(f=0JH A ) for a relatively small increas-'- 
in H a parallels that in Z(f,H A ). For 77^ = 140 Oe, 
(f=0J1 A ) is reduced from its value of 6805 at 77^=0 by a 
factor of 75. When the magnetization is forced to lie parallel 
to the wire axis, the circumferential permeability approaches 
^=1 (Ref. 11 suggests a plausible mechanism for the field 
dependence of yu.^). We infer that, for a fixed frequency, the 
skin depth b grows roughly by a factor of 10 as II A increases 
to 140 Oe from zero, and that the wire resistance is subse¬ 
quently diminished. The relaxation frequency 1 /t appiecia- 
bly affects the quality of the fit only for H A <3 Oe. In this 
range, 1 It increases sharply from l/r=3.3 MHz for H A =0 
and rises to l/r>40 MHz, beyond which frequency the ad¬ 
dition of a damping term has a negligible effect for the fre¬ 
quency range fit (0</<l MHz). This behavior may possibly 
be due to the increased importance of rotational processes for 
higher H A , and more rapid relaxation. 

We believe that the same mechanism is responsible for 
the impedance of the ribbon sample. Because the domain 
structure is not known for this sample, we decline to make a 
quantitative comparison of the ribbon and wire spectra. We 
may, however, compare the two frequencies for which R(f, 
H a =0) exhibits an inflection point; their ratio is 25. Assum¬ 
ing that this is the frequency for which the skin depth is 
equal to the thickness of the sample, we arrive at a ratio of 
effective permeabilities ^hich is of the order of one. 

V. DRIVE CURRENT DEPENDENCE 

The frequency-dependent part of the resistance ft-7? sat 
for H a =Q is shown in Fig. 7 versus drive current amplitude 
0.5 mA<7 tms <60 mA (data taken from Ref. 1). Note that the 
ordinate is set on a logarithmic scale. The current amplitude 
dependence of X is qualitatively similar. 1 The current scans 
(7 (n)S increasing) were performed for fixed frequencies / = 1 
kHz, 10 kHz, 100 kHz, and 1 MHz. For /= 1, 10, and 100 
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FIG. 7. Dependence of (he magnetoresistance Aon the amplitude 
of the drive current I ms . Note the peak in A R(f,I mi ) for I ms <\ MHz, and 
the decrease in A RifJ^s) for / ms >10 mA at all /. The applied field is 

//.A=0. 

kHz, there are peaks evident in the data at / rms =4.0, 5.5, and 
8.0 mA, respectively. This maximum vanishes for /> 1 MHz. 
Each data set also exhibits a gradual decrease for 7 rms >10 
mA. The fields at the surface of the wire are 77^=2.5, 3.0, 
and 4.5 Oe at the peak positions. Since it is reasonable to 
expect that the wire magnetizes by domain wall motion at 
low /, we suggest that the peak in R(f,I ms ) corresponds to 
the onset of domain wall motion, i.e., the circumferential 
coercive force. The absence of a peak in R(fJ ms ) for /> 1 
MHz is possibly due to the dominance of rotational pro¬ 
cesses at these relatively high frequencies. The decrease in R 
for 7 (ms >10 mA may result from saturation of the circumfer¬ 
ential magnetization for a current-dependent fraction of the 
cycle. Experiments are in progress that will test these specu¬ 
lations by imaging the magnetization dynamics. 

VI. CONCLUSION 

A complete picture of the magnetic-field-depcndent im¬ 
pedance spectra of amorphous ferromagnetic materials has 
only begun to take shape. Over the last few years a handful 
of groups have repotted fragments of the whole. The reac¬ 
tance of amorphous wires possessing negative magnetostric¬ 
tion Was found to depend sensitively on applied field; 2 a 
large magnetoresistance for such wires was reported for 
/=82 Hz (Ref. 4) (we observe no magnetoresistance at this 
low frequency); and an ac magnetoresistance, which scales 
linearly with /, was reported for FeCoSiB ribbons. 3 In our 
work we have determined that the impedance spectra of 
amorphous FeCoSiB wire and ribbon consist both of resis¬ 
tive and '"active components, each of which displays a pre¬ 
cipitous decrease in a moderate magnetic field parallel to the 


sense current. We have been able to describe the effect in 
wires quantitatively, using a phenomenological model based 
on classical electrodynamics. The existence of qualitatively 
similar spectra for amorphous FeCoSiB ribbon demonstrates 
that the phenomenon is somewhat robust, and that it is not 
dependent on a particular domain structure. 

At high frequency, the resistance is sensitive to smaller 
fields than the reactance. Why the widths A77 fi and A 77^ are 
different, and why they increase with frequency are unan¬ 
swered questions at present (we note that the sensitivity in¬ 
creases with /). A possible explanation for the latter is that 
the circumferential anisotropy (and the resistivity) is de¬ 
pendent on position. Due to the quenching process, one ex¬ 
pects this quantity to be greater near the wire surface. The 
current runs closer to the surface at higher frequencies, and 
the effective anisotropy field thus increases with frequency 
Currently, the most sensitive giant magnetoresistive 
(GMR) materials have (l/A77 fl )(A7?/7? sat )<l%/Oe at room 
temperature. The sensitivity of the amorphous wire discussed 
in this paper to an applied field is more than an order of 
magnitude larger than this for /= 1 MHz. It is expected that 
further developments in this nascent field will increase the 
sensitivity substantially. There is vast technological potential 
in the phenomenon of magneto-impedance, and many scien¬ 
tific questions still unanswered. 
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Magnetic and specific-heat studies of U 2 r 2 .Y compounds show a frequent occurrence of the y 
enhancement in conjunction with the onset of antifer r omagnetic ordering. The largest value of 830 
mJ/mol K 2 was observed in U 2 Pt 2 ln, which is nonmagnetic down to 1.2 K. Variations of electronic 
structure are documented by optimized relativistic LCAO calculation. 


I. INTRODUCTION 

Magnetic and other electronic properties of light ac¬ 
tinides in intermetallic compounds are strongly affected by 
the hybridization of the 5/ states with electronic states of 
ligands. In compounds with transition metals, the most sig¬ 
nificant delocalizing effect comes from the 5 f-d hybridiza¬ 
tion, which is reduced with filling the d band. The reason 
follows from electronic structure calculations, which show 
how the gradual filling of the d states leads to a reduced 
overlap of the 5/ states, forming a band pinned at E F , with 
the d transition metal states, which are pushed down to 
higher binding energies. Thus irrespective of stoichiometry 
or crystal structure we can observe variations of the 5/ elec¬ 
tron magnetism, with a crossover from nonmagnetic to mag¬ 
netic ground state by the end of transition metal series. There 
is a common belief that heavy fermion phenomena occur 
only with very narrow 5/ bands, which do not order mag¬ 
netically (or which show very small ordered moments). 
However, it remains an open question as to why the onset of 
magnetism is not accompanied by a significant y enhance¬ 
ment in many cases. In other words, the heavy fermion com¬ 
pounds remain rather unique and it is unclear where to place 
them in the systematics of other uranium intermetallics. 

Here we describe results of investigations of the recently 
discovered compounds of the \J 2 T 2 X type, 1 which can con¬ 
tribute to heavy fermion research due to a systematic occur¬ 
rence of y enhancement. The U and Np compounds of the 
2:2:1 stoichiometry exist with nearly all transition metals of 
the Fe. Co, and Ni column. X represents Sn or In. They all 
crystallize in the tetragonal U 3 Si, structure type with U-U 
distances in the range 3.45-3.8 A . 1 

II. EXPERIMENTAL RESULTS 

We studied polycrystalline samples prepared by arc 
melting stoichiometric amounts of the constituent elements. 


Most of them were single phase. A several percent contami¬ 
nation was found in U 2 Ptdn (UPt) and in U->lr->Sn and 
U 2 Ir 2 In (Ulr). 

Most of the compounds with Ni, Pd, and Pt display an¬ 
tiferromagnetic (AF) order at low temperatures. The only 
exception is U 2 Pt 2 In, which exhibits a strongly enhanced 
susceptibility \ at low temperatures (23X 1(T 8 nvVmol at 4.2 
K—note that 1 mol f.u. contains 2 U atoms). No phase tran¬ 
sition was indicated in the specific heat down to 1.2 K. The 
X(T) dependence (Fig. 1) can, at high temperatures, be ap¬ 
proximated by a modified Curie-Weiss (MCW) law similar 
to the majority of compounds described here: 

x =C/(T-Q p ) + x 0 , (1) 

yielding for U 2 Pt 2 In the parameters fi c(i =2A (i B /U, 
0 p = -lO6 K, and ;y 0 =9.7X10~ 8 m'VmoI. Below 100 K, 
X(T) deviates from the MCW fit towards larger \ values. 
The low-temperature data are contaminated by the UPt 
impurity 2 (which has spontaneous magnetization of 0.4 /%/U 
below T— 25 K 3 ), but the large susceptibility at 4.2 K was 
confirmed by high-field magnetization measurements. The 
specific heat displays a pronounced upturn of C/T vs T (Fig. 
2), which is insensitive to applied magnetic field of 5 T. 
Although the fit involving a T 2 In T term accounts well for 
the data only in a very limited temperature range (up to 5 K), 
it can be used to estimate the y value in the zero K limit, 
y=830 i.:J/mol K 2 . 

The highest ordering temperatures were observed in the 
two Pd compounds, U 2 Pd 2 Sn (7^=41 K) and U 2 Pd 2 In 
(T n =38 K). The susceptibility analysis in terms of Eq. (1) 
yields smaller negative 0 ; , values (-30 and -32 K for Sn 
and In, respectively) than in other compounds from this se¬ 
ries. The relatively strong 5/ localization is indicated by 
sizeable U magnetic moments (1.89 and 1.40 /%, respec- 


6214 J Appl Phys 76 (10), 15 November 1994 


0021-8S79/94/76 (10)/6214/3/S6.00 


© 1994 American Institute of Physics 




tively) determined from neutron-diffraction experiments. 
They show in both cases a noncollinear AF structure with 
moments within the basal plane and oriented along directions 
of the [110] type. 4 Despite magnetic ordering, a pronounced 
upturn in the C/T vs T dependence was found also for 
U 2 Pd 2 In, leading to y=393 mJ/mol K 2 (65 mJ/mol K 2 is ob¬ 
tained by extrapolation from paramagnetic range). No such 
upturn was found in U 2 Pd 2 Sn, but the linear coefficient of 
the specific heat was still high: y=203 mJ/mol K 2 . The 5/ 
local-moment magnetism in the Pd compounds is corrobo¬ 
rated by the magnetic entropy estimate (1-2X1? In '*). 

Unlike U 2 Pt 2 In, U 2 Pt 2 Sn is magnetically ordered 
{T N =15.5 K). A much smaller magnetic entropy (about 0.2 
XR In 2) is suggestive of itinerant magnetism. y=334 
mJ/mol K 2 was extracted from the low-temperature range, 
whereas 390 mJ/mol K 2 can be obtained above T N . 

U 2 Ni 2 In exhibits a similar behavior (T N =15 K). Mag¬ 
netic susceptibility analysis in terms of Eq. (1) yields 
© p =-80 K and /j.^2.0 /t a /U. The low-temperature 
y=200 mJ/mol K 2 is substantially smaller than the high- 
temperature value of 350 mJ/mol K 2 . The magnetic entropy 
is about 0.4 XR In 2. 

U 2 Ni 2 Sn orders below T N =25 K. In the paramagnetic 
range, /i eff can be described by Eq. (1) yielding fi d{ = 2.3 
yu B /U, 0 p =-llO K, and x 0 =1.8X10~ 8 m 3 /mol. We are 
aware that the presence of the \o term can be an artifact due 
to the averaging the anisotropic \ values in polycrystal. 




FIG 1 Temperature dependence of magnetic .susceptibility of (a) UJ,ln 
and lb) U 7 ,Sn The dotted lines shown in some cases are the MCW fits 


Regarding other compounds, we have found magnetic 
ordering in U 2 Rh 2 Sn with T N -2A K. A weak magnetic en¬ 
tropy of 0.4XR In 2 is again indicative of a strongly itinerant 
5/ magnetism, but the y value is rather low (131 
mJ/mol K 2 ). 

Besides U 2 Pt 2 In, some other nonmagnetic compounds 
exhibit spin-fluctuation features: U 2 Co 2 Sn, U 2 RL 2 In, and 
U 2 Ir 2 Sn. They display y values ranging from 130 (U 2 Ir 2 Sn) 
to 280 mJ/mol K 2 (U 2 Rh 2 In) (a strong upturn in C/T is found 
in U 2 Co 2 Sn and a weaker one in U 2 Rh 2 In). Finally, the pre¬ 
sumably most itinerant 5/ states cause a weak itinerant para¬ 
magnetism in U 2 Co 2 In (y=32 mJ/mol K 2 ) and U 2 Ru 2 Sn (20 
mJ/mol K 2 ). 

Assessing variations of properties in the group of U 2 T 2 X 
compounds, we can deduce the following trends: (i) The 5/ 
localization increases within each transition metal series to¬ 
wards the right end of the periodic table. This is similar to 
findings in other groups of light actinide compounds, (ii) The 
U 2 T 2 In compounds have a weaker tendency to magnetic or¬ 
dering than their U 2 T 2 Sn counterparts. 

III. ELECTRONIC STRUCTURE CALCULATIONS 

To follow electronic structure variations in the system of 
U 2 r 2 In compounds, we performed calculations using the op¬ 
timized HLCAO 5 method in a fully relativistic version. 6 




FIG. 2. C/T vs T plots of (a) IXPtyA’ and (b) U 2 PdJf The dotted lines show 
the Debye background approximating the high-temperature specific heat. 
For U_,Pt 2 Sn (full line) it is shifted down to fit to the low-temperature y. 
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FIG. 4. Calculated total and orbital-projectcd density of states for U 2 Pt 2 In. 


Self-consistency is treated by the Kohn-Sham density- 
functional theory in the local-density approximation (LDA). 

The total densities of states (DOS) for U 2 7’ 2 In (r=Co, 
Ni, Rh, Pd, Pt) calculated fully relativistically are displayed 
in Fig. 3. The obtained spectra are characterized by a nearly 
frce-electron background of s-, and uranium 6 d elec¬ 
trons, which extends to about 0.6 Ry below E F . In all cases 
bonding and antibonding band groups are well separated by a 
broad and deep minimum around E F . The orbital-projected 
DOS for the 5/ and T-d orbitals (see, c.g., U 2 Pt 2 In shown in 
Fig. 4) indicate that the bonding (antibonding) states are pre¬ 
dominantly T-d(5f). There is, however, an appreciable 
amount of covalency—the 5f(T-d) contribution to the bond¬ 
ing and the antibonding states, respectively. The estimate of 
the contribution of a direct 5/-5/ overlap to the width of the 
/-projected DOS proved that the 5 f-d hybridization appre¬ 
ciably enhances the 5/ bandwidth. 6 

Practically no electron transfer from U to T was found in 
U 2 Pd 2 ln. But it does increase with decreasing population of 
the d states. As expected, the spin-orbit splitting of Co- and 
Ni-3d states is small, with moderate spin-orbit splitting in 
Rh- and Pd-4 d states (0.02 Ry), and the largest splitting in 
Pt-5r/ and U-5/ states (0.1 Ry). 

The Fermi level gradually shifts from the top of the 
bonding band in U 2 Co 2 In to the bottom of the antibonding 
band in U 2 Ni 2 In, U 2 Rh 2 ln, and U 2 Pt 2 In, and finally into the 
antibonding band in U 2 Pd 2 ln, which displays much weaker 
transfer of 5/ (and 4r/) electrons into free-electron states. 
This reduced transfer may be understood as the -esult of 
shifting down of the Pd-4r/ states compared to the Ni-3d 
states or Pt-5r/ states. The experimentally observed develop¬ 
ment in the y values is qualitatively consistent with the 
trends in the calculated DOS at the Fermi level N(E F ). We 
have also partitioned the total DOS into different contribu¬ 
tions and the change of total DOS at E F can be mainly as¬ 
cribed to the variations of N(E F )p /2 . 


Since the width of the covalence gap (>1 eV) exceeds 
the exchange splitting of elemental Co and Ni, any possible 
magnetism should arise from 5/ electrons only. Applying the 
LDA Stoner theory, we have obtained the Stoner product 
IXN(E F )= 0.6, 1.3, 2.0, 11.5, and 3.1 for U 2 Co 2 In, U 2 Ni 2 In, 
U 2 Rh 2 In, U 2 Pd 2 In, and U 2 Pt 2 ln, respectively. Therefore the 
observed nonmagnetic ground state of U 2 Co 2 In and magnetic 
ground state of U 2 Ni 2 In and U 2 Pd 2 In are qualitatively con¬ 
sistent with our calculations. The nonmagnetic heavy ferm¬ 
ion behavior of U 2 Rh 2 In and U 2 Pt 2 In cannot be described by 
our LDA calculations, which lead to a Sloner instability. 
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By specific-heat, magnetization, electrical resistivity, and neutron-diffraction measurements on a 
single crystal we have confirmed that UNiGe orders antiferromagnetically below 50.5 K into an 
incommensurate phase with q=(0,1/2,-l/2)±(0,<?,<§), <5—0.15. S decreases continuously with 
decreasing temperature to —0.123 at 41.5 K, where the incommensurate phase vanishes in a 
first-order phase transition and a commensurate antiferromagnetic structure with q=(0,l/2,l/2) sets 
in and remains stable down to the lowest temperatures. If a magnetic field sufficient to induce a 
metalmagnetic transition (1-5 T) is applied along the c axis, both antiferromagnetic phases are 
transformed to an uncompensated AF phase with q=(0,1/3, 1/3) yielding a nonzero magnetization 
M** l/3XA/ 5 . The latter structure is destroyed and a complete alignment of U moments is achieved 
in fields above 10 T. The strikingly different B-T diagrams observed for a magnetic field applied 
along different crystallographic directions reflect strongly anisotropic exchange interactions. 


I. INTRODUCTION 

UNiGe belongs to the isostructural group of the UTX 
compounds (7’=transition metal, X=p metal), which crys¬ 
tallize in the orthorhombic TiNiSi-type structure. The 
nearest-neighbor uranium atoms in this structure form zigzag 
chains along the a axis. The coordination of U atoms is 
intimately connected with the anisotropy of bonding of 5/ 
orbitals, which has serious consequences for the symmetry of 
the 5/-electron magnetism. 1 Specifically, in UNiGe and 
other isostructural UTX compounds, the easy-plane magne¬ 
tocrystalline anisotropy with the hard-magnetization direc¬ 
tion along the a axis is observed as a rule. 1,2 This is manifest 
in the low-temperature magnetization, which is small and 
linearly dependent on the magnetic field up to 35 T applied 
along the a axis. For the other two field directions (along b 
and c) almost saturated magnetization M s due to aligned U 
moments of 1.45 pt b is attained above metalmagnetic 
transitions. 2 Note that the magnetization curves at 4.2 K dis¬ 
play two metalmagnetic transitions at 17 and 25 T in the field 
applied along b (and at 3 and 10 T in fi||c). In both field 
geometries, the magnetization observed above the first tran¬ 
sition amounts to approximately 1/3XA/ 2 . 

For some time, UNiGe was believed to order magneti¬ 
cally around 42 K, 2 " 7 although some indications of another 
transition around 50 K could be seen in the specific-heat data 
of Kawamata et al.. 7 Moreover, controversial conclusions 
about the magnetic structure at low temperatures could be 
found in the literature. 6,8 This unsatisfactory situation moti¬ 
vated us to perform an extensive study of a well-defined 
single crystal of UNiGe, which was governed by a Czochral- 
ski technique in a tri-arc furnace at the University of Amster¬ 
dam. Besides measurements of bulk properties (magnetiza¬ 
tion, electrical resistivity, and specific heat) over wide 
temperature and external magnetic-field intervals, we have 


performed extensive neutron-diffraction experiments. Re¬ 
sults and experimental details of bulk measurements were 
published elsewhere, 2,6 along with preliminary neutron data 
indicating the existence of the incommensurate antiferro¬ 
magnetic phase (IAFP) below 50 K 11 . In this paper we con¬ 
centrate on both the temperature and magnetic-field stability 
of the IAFP in the complex magnetic phase diagram of 
UNiGe. 

II. RESULTS AND DISCUSSION 

The specific heat of UNiGe exhibits a sharp peak at 41.5 
K and a weaker maximum around 50 K (see Fig. 1). The 
first-order magnetic phase transition at 41.5 K is also clearly 
reflected in the magnetization and resistivity. 2,6 Closer in¬ 
spection of magnetization and electrical resistivity results, 
however, also reveals around 50 K slight (but well noticeable 



FIG. 1. Temperature dependence of the specific heat of UNiGe 
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FIG. 2 Magnetic phase diagram of UNiGe in B parallel to the c axis, as 
determined from magnetization and neutron-diffraction measurements. (I) 
incommensurate antiferromagnetic phase, q=(0,l/2,-l/2)±(0,<5,<5), (II) 
commensurate antiferromagnetic phase, q=(0,1/2,1/2), (III) uncompensated 
antiferromagnetic phase, q= ±(0,1/3,1/3), (IV) phase with “ferromagneti- 
cally” aligned U moments, and (V) paramagnetic phace. 

in dM/dT and dp/dT) anomalies, which corroborate the con¬ 
clusion about the magnetic origin of this phase transition. 

In order to obtain better knowledge of magnetic phases 
and transitions in UNiGe we performed neutron-diffraction 
experiments on the same single crystal at BENSC (on E2 and 
E4) and LANSCE (on SCD). The obtained magnetic phase 
diagram shown in Fig. 2 contains essential information from 
studies in magnetic fields applied along the c axis. 

A. Zero magnetic field, 41.5 K 

All observed magnetic reflections can be indexed as h,k/ 
2,1/2 (with k, 1 odd), suggesting the AF structure with 
q=(0,l/2,l/2) in agreement with Ref. 6. The U moments are 
locked in the b-c plane. The temperature dependence of the 
intensities of the magnetic reflections indicates that the U 
moment decreases slowly with increasing temperature." At 
40 K, the ordered U moments retain about 90% of the low- 
temperature value. The magnetic intensities then decrease 
abruptly at the 41.5 K first-order phase transition, where the 
low-temperature phase vanishes. 

B. Zero magnetic field, T^41.5 K 

A crucial point of our research has been to indicate an 
IAFP, which propagates within the b-c plane. For this pur¬ 
pose experiments on the flat cone diffractometer E2 in Berlin 
and the single-crystal diffractometer SCD with an area de¬ 
tector at Los Alamos were indispensable. Both types of ex¬ 
periments provided compatible results confirming the exist¬ 
ence of an IAFP with q=(0,l/2,- 1/2)±(0,<S,<5). For 
illustration, we display in Fig. 3 typical patterns recorded on 
SCD in Los Alamos at 20 and 46 K, in which the difference 
between the respective magnetic states is manifest. Whereas 
at 20 K the 0, 3/2, -1/2 is characteristic for the commensu¬ 
rate AF phase stable below 41.5 K, this reflection is absent at 
46 K and instead two satellites shifted by ±(0,0,141,0.141) 
indicate the presence of the IAFP. After identifying this 
phase, its stability and temperature evolution of 8 were stud- 

6218 J Appl. Phys., Vol. 76, No. 10, 15 November 1994 


[ 001 ] 



- 0.1 0.0 0.1 
<$Q/2ir (A‘‘) 


FIG. 3. Magnetic reflections in the vicinity of the 0, 3/2, -1.2 at (a) 20 K 
and (b) 46 K 


ied on E4 in Berlin. The results are displayed in Fig. 4 The 
IAFP emerges just above 41.5 K. The characteristic reflec¬ 
tions 0, k/2±8, -1/2 ±8 reach a maximum intensity al¬ 
ready around 43 K and then diminish continuously with in¬ 
creasing temperature. The reflections are at the limit of de¬ 
tectability at 50 K, but some residual intensity can be seen in 
the background up to approximately 53 K. The parameter 8 
varies from ~0.123 at 41.5 to 0.15 at 50 K. The transition at 
41,5 K is apparently of the first-order type in contrast to the 
second-order transition around 50.5 K. 

C. B^6T, B||c, 7«41.5 K 

The first metalmagnctic transition exhibits a large 
hysteresis." The critical fields and the hysteresis (marked by 
the hatched region in Fig. 2) decrease with increasing tem¬ 
perature. When sweeping the field upwards, the 0,k/2,l/2 
reflections disappear rapidly around the transition. On the 
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FIG 4 Temperature dependence the integral intensity and the parameter S 
of the (0,l/2,-3/2)±(0,<5,<5) reflection 
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FIG. 5. Field scans of (a) magnetization and (b) the 0 2/3 4/3 reflection at 
45 K. 

other hand, /j,A:/3,1/3-type reflections and magnetic contri¬ 
bution to nuclear reflections emerge (following the magneti¬ 
zation dependence closely). 11 The metalmagnetic state con¬ 
nected with the uncompensated AF structure therefore has 
q=(0,l/3,l/3). This leads to the collinear arrangement of the 
U magnetic moments oriented along the c axis with the 
+ + - stacking simultaneously along the b and c axis, 
which gives rise to the magnetization M = II3XM S in agree¬ 
ment with the above-mentioned result from magnetization 
measurements. 

D. B=s6 T, B||c, 7^41.5 K 

The IAFP is stable in magnetic fields up to about 1 T, 
where it starts to transform gradually to phase III. This field 
correlates well with that of the metalmagnetic transition 
shown in Fig. 5(a). The 0,&/3,l/3 reflections representing 
the phase III persist up to —51 K, where a first-order transi¬ 
tion (in contrast to the second-order transition in zero field) 
to the high-temperature paramagnetic phase takes place as 
shown in Fig. 5(b). 

When the magnetic field is applied along the b axis a 
two-step metalmagnetic process appears. However, the criti¬ 
cal fields of the metalmagnetic transitions are considerably 
higher, indicating pronounced anisotropy of the exchange in¬ 
teractions. 

To analyze magnetic phases in U intermetallics, models 
considering the relation of U coordination and the type of 


anisotropy can be employed. The experimental findings in 
UNiGe corroborate the empirical rules 1 relating the symme¬ 
try of the bonding of the 5/ orbitals in a particular structure 
to the type of magnetocrystalline anisotropy. The strong 
bonding axis (a axis in UNiGe and structure-related UTX 
compounds) determines the hard-magnetization direction 
whereas the magnetic moments are locked perpendicular to 
the hard direction (in the b-c plane in UNiGe). The ex¬ 
change interaction along the strong bonding axis (plane) is 
usually strong and ferromagnetic, whereas the considerably 
weaker interaction(s) in the perpendicular direction(s) medi¬ 
ate the coupling between the ferromagnetic chains (planes). 
These interactions are frequently frustrated and a seouence of 
incommensurate and commensurate phases can be 
observed 12 when temperature is decreased. 
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Magnetic susceptibility and electronic specific heat of Anderson lattice 
with finite f-band width 

Sunil Panwar and Ishwar Singh 

Department of Physics, University of Roorkee, Roorkee 247667, India 

We study an extension of the periodic Anderson model by considering finite /-band width. A 
variational method recently developed, has been used to study the temperature dependence of the 
average valence of magnetic susceptibility x s and electronic specific heat C v for different values of 
the /-band width. As /-band width increases, the low-temperature peak in x s and C v becomes more 
broad and shifts towards the high-temperature region. 


I. INTRODUCTION 

A class of certain lanthanide and actinide intermetallic 
compounds, now known as heavy fermions, show a variety 
of anomalous electronic and magnetic properties. 1-4 At high 
temperatures, there is a Curie-Weiss-like magnetic suscepti¬ 
bility x s - X s can be fitted to (T—0)~ l where 0 <0 and there 
are large effective moments (>/r fl ). However, at low tem¬ 
peratures, Xs shows T 2 dependence and tends to a constant 
value which for heavy-fermion systems is greatly enhanced 
over the value expected for a normal metal. The data on the 
electronic specific heat C„ also show interesting features. In 
general C v varies linearly with temperature at very low tem¬ 
perature, C v =yT, which is the behavior expected for a 
Fermi liquid. In the recent past, the periodic Anderson model 
(PAM) 5 has been widely accepted as a model for understand¬ 
ing the basic electronic and magnetic properties of mixed 
valence and heavy fermion materials. Since there is an over¬ 
lap of 5-/ orbitals (thereby giving rise to a finite /-band 
width) in actinide materials, 6 we consider an extension of the 
PAM by considering finite /-band width. Recently, an exten¬ 
sion to the Anderson model in which direct /-/ hopping is 
included has been studied by several authors. 7 ' 9 This model 
has been studied by several authors using the variational 
method. 10 ' 14 Recently, we developed a variational 
method 15 * 20 to study the ground state and thermodynamic 
properties of PAM. We use this variational method here to 
study the PAM including finite /-band width. In Sec. II we 
give the basic formulation for the magnetic susceptibility and 
electronic specific heat. In Sec. Ill we discuss our results. 


Here, E k is the /-band energy and other symbols have their 
usual meanings. 

For simplicity, we assume that the form of the / band is 
the same as that of the conduction band. The / band is rep¬ 
resented by the expression 

E k =e f +A\e k - yj, (3) 

where A is a positive constant less than unity. Here VF and 
AW are the band widths of conduction band and / band, 
respectively. For A =0, E = e f is the position of the / level. 

In the k space, the Anderson-Hamiltonian may be writ¬ 
ten as 


H 2 € k C ka C kir 'k 2 


ka 


ka 



WY 

e / +/ '( 

^2j| 


^ka^ka 


u 


-X V k (c k Aa+li.c.)+y 2 » ( , a n ! ,- a 


(4) 


ka 


1° 


Here we are considering strongly interacting (i.e., 
£/—♦«>) case. In this case the probability of/ 2 configuration 
is very small. The variational wave function which projects 
the / 2 configuration < - 1, may be written as (Panwar and 
Singh 15 ) 


I«A) = I1 V+A ka {\~nL a )blc ka \\F) (5) 

ka 


II. BASIC FORMULATION 

The orbitally nondegenerate periodic Anderson model 
including finite band width of / electrons is described by the 
Hamiltonian 

2 ^k^ ka^ ka’^'^4 ^i]^ia^ia~ S ^iki^ka^ia 
ki j ija iktj 

+ h.c.)+j 2 (1) 

JV 

where 

T.rljl E k e' k «r«,\ (2) 

/v k 


when |F) = ^c^lO) is the Fermi sea of conduction 
electrons and A ku the variational parameters. It can be seen 
that the resultant states are in the form of two quasiparticle 
bands; the lower (-) and upper (+) of quasiparticle spectra 
are given by 

b ka 2 

[I awpJ 1 

±yJ\(l-AP f )e k -e f P f +— r +] + 4 V~ k Pj J. 

( 6 ) 


AWPf 

(1 +AP f )e k +e f P f - 


The A k ’s are given by 
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2 Vtf] 


AWP f 

e k (l-AP f )-e f P f +-^ J - 


AWP f 1 , , 

e k (\-APj)-e f P f +-^- +4 V\p) 


Pf=(l-nL (r ). 

At finite temperature, the number of conduction electrons 
and / electrons are given by (taking the total number of 
electrons such that the Fermi level lies in the lower band) 


k " {iHA^Pf l + (Al) 2 P}\ 

/ - ( A ^ 2P fcr . (AL) 2 Pjft 
nka [i+(A- k S-P] 1 HAtJp}. ' 

Here Fermi functions f ka and f ka are given by 


Jka exp [f}(El-n)]+l w 

where /x is the chemical potential and f3=l/k B T. 

A. Magnetic susceptibility 

In the presence of a static magnetic field B, the / level is 
E f -g<Tu B B\Ef= 6f+A(e k -W/2). The static magnetic sus¬ 
ceptibility for the lower branch of quasiparticle spectra is 
given by 

d , , 

= K~«-J • (10) 

<B D—0 

Putting «{/s from Eq. (8) one gets, after some algebra, the 
expression of susceptibility [in units of (g/Uyj) 2 ] at finite 
temperature 16 in the paramagnetic region. 

B. Electronic specific heat 

At finite temperature, the ground state energy is given by 

(e)= 2 m a ~P)r ka +{Ei-n)fli (id 

ka 

The electronic specific heat C v is obtained by differen¬ 
tiating energy (E) with respect to temperature T. The total 
electronic specific heat gets the contribution from both the 
lower as well as the upper quasiparticle bands. It is given by 

d(E) d „ 

m„-n)r ka +{Ei- M )/t], 


III. RESULTS AND DISCUSSIONS 

In these calculations, we have considered a tight-binding 
conduction band which is centered around zero energy with 
conduction band width W=2.0 eV. The total number of elec¬ 
trons per site ( n c +n f ) has been taken to be 1.5. The /-band 
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FIG. 1. (a) Variation of average valence n r with A at 7=0 K with tight- 
binding conduction band for different effective positions of f level. Curve I 
for £^=-0.4, curve II for £^=0.0 V is fixed on 0.25. (b) Variation of mag¬ 
netic susceptibility \ fi s [in units of (g/x B ) 2 ] with A at f=0 K with tight- 
binding conduction band for different effective positions of f level Curve I 
for tf= 0.0, curve II for ^=0.2. V arc fixed on 0 25. 


width is AW =2 A. V is fixed on 0.25 eV. Figures 1(a) and 
1(b) show the variation of average valence n f and magnetic 
susceptibility $ with parameter/!, respectively, at 7=0 K. 
In Fig. 1(a) curve I shows variation for the /-level position 
C/=-0.4 and curve II for 6y=0.0. Here we find a smooth 
variation of nf with A. We have also seen that for a constant 
value of A, tif increases slowly with increasing temperature. 



0 100 


200 300 

T (K ) — 1 


FIG. 2. Magnetic susceptibility \ s [in units of (£Ab)'J as a function of 
temperature for different A with tight-binding conduction band V=0 25 and 
£/=0.0 Curve 1 for A =0 0, curve II for A =0 05, and curve III for A =0 15 
Dashed part of curve 1 shows the divergence of ,v, in the temperature range 
10-50 K 
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FIG. 3. (a) Variation of specific heat C u with temperature with tight-binding 
conduction band for different values of A. Curve I is for A =0.0, curve II for 
A =0.05, and curve III for A =0.15. e f are fixed on ~0.4. (b) Variation of 
specific heat coefficient CJT with temperature with tight-binding conduc¬ 
tion band for different values of A. Curve I is for A =0.0, curve II for 
A =0.05, and curve III for A =0.15. are fixed on -0.4. 

While in Fig. 1(b), curve I shows variation for e f =0.0 and 
curve II for ey=0.2. x° s increases rapidly as A is lowered. 

We have shown results of magnetic susceptibility x s (T) 
in Fig. 2 for different A . e f is fixed on 0.0. Curve I stands for 
A =0.0, curve II for A -0.05, and curve III for A =0.15. The 
behavior of XsiO * s interesting. At low temperature Xs(T) 
rises up to a maximum. This low-T peak in x s gets sharpened 
as A reduces from 0.15 to 0.10 and finally diverges at 
A =0.0. Also as the / level goes down, x s increases and we 
have a sharper peak at low temperature. This susceptibility 
behavior is characteristic of many mixed-valence compounds 
like CeSn 3 , CePd 3 , and of many Ce and U-heavy fermion 
systems like CeAl 3 and UPt 3 . 21 ' 22 As A increases, the /-band 
width increases and as a result the density of / states reduces 
and thereby reduces the Pauli susceptibility term. 

Figures 3(a) and 3(b) show the variation of specific heat 
C v and specific heat coefficient CJT, respectively, with tem¬ 
perature for different values of parameter A. e, is fixed on 


-0.4. Curve I shows variation for A =0.0, curve II for 
A =0.05, and curve III for A =0.15. Here C V {T) increases 
linearly at low temperature, and has a maxima near T max =25 
K at A =0.0. As A increases, the maximum is less pro¬ 
nounced and much broader and shifts towards higher tem¬ 
perature region. Also as A increases, the maxima in CJT at 
low temperature becomes wider and is less pronounced and 
in some cases disappears. We have a more sharp peak in C v 
or CJT at low temperature as the / level goes down for a 
constant value of A. This behavior of specific heat curves has 
been the main characteristic of many mixed valence and 
heavy fermion materials like NpSn 3 . 23 

From the above results of Xs(T) and CJT), one can 
conclude that by increasing the /-band width, we are making 
the “Fermi-liquid” nature of / electrons to be more pro¬ 
nounced. 
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Electrical resistivity and thermoelectric power of heavy fermions 
and mixed-valence systems 

Sunil Panwar and Ishwar Singh 
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Representing the heavy fermions and mixed-valence systems by the periodic Anderson model, we 
have used the variational method to study the temperature dependence of electronic transport 
properties of these systems. The electrical resistivity p(T) and thermoelectric power Q(T) 
calculated show the features experimentally observed in these materials. In the low-temperature 
region p(T) and Q(T) increase rapidly. Toward high-temperature region, Q(T) changes sign. 


I. INTRODUCTION 


II. BASIC FORMULATION 


The experimental results of electrical resistivity p(T) of 
many heavy fermion systems (e.g., CeAl 3 , CeCu 2 Si 2 , 
CeCu 6 , UBe 13 ) at low temperatures show anomalous 
behavior. 1 " 5 p(T) increases with increasing temperature in 
the very low-temperature region (known as the Fermi-liquid 
region or coherence region), reaching a maximum and then 
decreasing slowly like In T (known as the Kondo region or 
independent-impurity region). The negative temperature co¬ 
efficient (NTC) of the resistivity in the high-temperature re¬ 
gime is usually interpreted as a manifestation of the Kondo 
effect in a concentrated system. 1,2 The thermoelectric power 
Q(T) also exhibits characteristic anomalies when compared 
to the thermoelectric power of usual metals. Q(T) is very 
large in the case of these materials. It shows a maximum at a 
relatively low temperature T*. In some heavy fermion sys¬ 
tems like UPt 3 , 6 Q(T) changes sign at temperatures T>7". 
In the recent past it has been suggested that the low- 
temperature coherent Fermi-liquid phase may very well be 
represented by the periodic Anderson model (PAM) where 
one considers the coherent hybridization between conduction 
states and the / states on all N sites. 7 ' 11 

Recently we developed a variational method to study the 
ground-state and thermodynamic properties of PAM. 11 " 15 We 
use this variational method here to study electrical resistivity 
and thermoelectric power of heavy fermion (HF) and mixed- 
valence (MV) systems within PAM. The details of the varia¬ 
tional method may be found in Ref. 11. In the recent past, the 
characteristic anomalies in p{T) and Q(T) have been de¬ 
scribed by the frequency dependent relaxation time resulting 
from quasiparticle-quasiparticle scattering. In Ref. 16, the 
frequency dependence of the self-energy contains this infor¬ 
mation. We have not taken into account such lifetime effects 
in our variational approach. In this work, we suggest that the 
scattering mechanism is impurity scattering with a frequency 
independent mean free path and we have taken into account 
only the energy dependence of different factors like density 
of states appearing in the expression of p(T) and Q{T). We 
have used the Mott’s formula for the electrical conductivity 
which takes the explicit energy dependence of the mean free 
path. Below we give the basic formulation for electrical re¬ 
sistivity and thermoelectric power. In Sec. Ill we discuss our 
results. 


The orbitally nondegenerate periodic Anderson model is 
described by the Hamiltonian 

^k^k<r^k(r^~ b ta b ia V k (c k „b ka +h.c.) 

k(j l(J k(T 

U ^ , , 

+ 0) 

l<r 

where symbols have their usual meanings. 

A. Weak interaction case 

In the weak-interaction case, where Coulomb interaction 
U is small and all the three configurations / °, / l , and / 2 are 
energetically possible, the variational wave function has been 
taken as in k space 

l^ 0 )”H( 1 + A klT b k(r c k(T )\F), (2) 

kiT 

with |F) as the conduction-electron state and A k the varia¬ 
tional parameters. It can be easily seen that the resultant 
states are in the form of two quasiparticle bands; the lower 
branch of quasiparticle spectra is given by 



[/ UtA 

It UtA 2 , 

*- 

II 

N) 

je*+e ; +— )-■ 

vh-*/-—) +4V/ ;j 


(3) 


B. Strong Interaction case 

In the high interaction case, where U is very large and 
the probability of f 2 configuration is very small, the varia¬ 
tional wave function which projects the / 2 configuration out 
may be written as 

W-n [l+A k M-nL, r K T c ka ]\F). (4) 

ka 

For this case, the coi responding expression of E k is 

E; = H(** + e f P f )~ y](e k -e f P f ) 2 +4V 2 k P 2 f ]. (5) 

C. Electrical resistivity 

We are not interested here in the absolute value of resis¬ 
tivity and thermoelectric power but only in the variation of 
resistivity and thermoelectric power with temperature. In the 
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low-temperature regime, we assume the resistivity is pro¬ 
duced by the impurities in the system. Then we use the elec¬ 
trical conductivity formula given by Mott 17 

a(T)= \ (”^f) b(Ek)dE ~ k ’ (6 ) 


where cr{E k ) can be written as 

&(e;)=<t 0 [n%e;)] 2 , 

27re 2 ft 3 7 

°0~ I^Elav 


(7) 

( 8 ) 


The symbols in <r 0 are given in Ref. 17. <r 0 has been taken as 
a constant in our calculations. f k is the Fermi function for 
the lower branch of the quasiparticle spectrum and N c (E k ) 
is the density of (lower part of) perturbed conduction states. 


D. Thermoelectric power 


The thermoelectric power Q(T ) may be written in terms 
of a(E k ) [17] in the following way 


SdE;(-dfidE;)(E;-n)a(E;) 
Uo SdE- k {-dfldE- k )d(E~ k ) 


(9) 


where 



( 10 ) 


III. RESULTS AND DISCUSSIONS 

In these calculations we have considered a tight-binding 
conduction band which is centered around zero energy with a 
conduction-band width IT=2.0 eV. The total number of elec- 






HG. 1. Electrical resistivity p as a iunction of temperature for the tight- FIG, 2. Variation of thermoelectric power Q with temperature for tight- 

binding conduction-band case (a) V=0 25, 1/=*, curve I for ty = -0.6, binding conduction-band case (a) V-0 25, U=?-, curve 1 for e^=-06, 

curve 11 for ef=-0 4, and curve 111 for £ f --Q.2. (b) V=G25, e^=-0,6. rurve II for ^=-0.4. and curve 111 for e^=-0 2. (b) V=0.25, e f = -0 6, 

curve I for (7=*, curve 11 for (7=1 0, and curve 111 for (7=05 curve 1 for U=x, curve II for (7 = 1 0. and curve 111 for (7=05 
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trons per site ( n c +n f ) has been taken to be 1.5. We have 
calculated here the temperature dependence of p(7) for dif¬ 
ferent effectr ’ positions of / level and with finite as well 
as infinite U. e results are shown in Fig. 1. Fig. 1(a) shows 
p(7) for £y=-0.6, -0.4, and -0.2 eV. We obtain the typical 
behavior in p(T) with a rapid increase ~T 2 at low tempera¬ 
tures, a maximum near T max =50 K, and a NTC for higher 
temperatures. As / level e f shifts downward with respect to 
Fermi energy e F , p(T) increases more sharply in the low-7 
regime; as a result, the peak in p(7) becomes even sharper 
with a larger NTC. Figure 1(b) shows p(7) for different 
interactions: C/=0.5, 1.0, and °°. Here when U is increased 
the resistivity increases and he peak at low temperature gets 
sharpened. These resistivity results are in qualitative agree¬ 
ment with experimental results for YbAgCu 4 (HF com¬ 
pound) and CePd 3 (MV compound). 16 It may be noted here 
that we have not considered the phonon contribution to re¬ 
sistivity, which is appreciable toward the high temperatures. 

Corresponding results for the temperature dependence of 
the thermoelectric power Q(T) are shown in Fig. 2. We ob¬ 
serve the extremum in Q(T) approximately at the same tem¬ 
perature 7 max , where the resistivity has its maximum and this 
extremum in Q(T) is also present when p(7) does not have 
the maxima as in e f =-0.2, in complete agreement with the 
experimental findings. We obtain a change of the sign of 
Q(T) for relatively high temperatures. Our Q(T) results 
match qualitatively with the experimental result of Visser 
et al. 6 for the HF compound UPt 3 . 

Our main conclusions are (1) Both types of resistivity 
behaviors (viz., with or without maxima at low 7) can be 


obtained within the same treatment by changing slightly only 
one parameter like e f . (2) The relevant mechanism respon¬ 
sible for the temperature dependence of p(7) and Q(T) is 
the special type of dispersion curve of these systems, because 
of which they have a very high quasiparticle density of 
states. We have considered here the orbitally nondegenerate 
Anderson Hamiltonian. It explains much valence fluctuation 
and heavy fermion physics, at least qualitatively. 
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Understanding the great range of magnetic ordering behavior in correlated 
f-electron systems 

Q. G. Sheng and B. R. Cooper 

Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315 

The magnetic ordering behavior of correlated /-electron systems varies widely. With regard to the 
value of the ordered moments, there are systems of saturated moment (e.g., CeSb), of moment 
somewhat reduced from the saturated value (e.g., UTe), of very small moment (e.g., UPt 3 ) and of no 
moment at all (e.g., CeCu 2 Si;>). We show that such wide diversity in magnetic ordering is a 
manifestation of the competition between (1) hybridization and exchange interaction and (2) 
localization and itinerancy. By analyzing these effects, we develop a theory which organizes the 
diverse magnetic behavior into a unified picture describable through one model Hamiltonian. An 
important feature of this analysis is that we recognize and treat the effect of band-/ Coulomb 
exchange simultaneously with that of band-/ hybridization. Rather than adopting the standard 
analysis using the “Kondo resonance”--“Kondo compensation” concept, the development of this 
theory offers a new approach to treat the correlated /-electron state. The present theory naturally 
leads to a nonmagnetic Singlet “Kondo state” which is one of the possible states, along with other 
magnetic states which the system could be in, when the conditions determining the state of the 
system favor that choice. The / orbital motions and spin-orbital coupling are given full 
consideration in the theory. 


I. INTRODUCTION 

For correlated /-electron systems, one interesting and 
not yet fully understood fact is that their magnetic ordering 
behavior has wide diversity. On one hand, there are “Kondo 
lattice” materials, in which the localized ordered moments 
are very small or vanishing; on the other hand, there are 
materials having strong magnetic ordering with almost satu¬ 
rated moments. Between the two extremes, there are a vari¬ 
ety of materials with ordered magnetic moments ranging 
from very small to very large, while their magnetic structures 
also have rich complexities. 1 Can such diverse / magnetism 
be understood on the basis of one unified picture? 

There are a variety of approaches to treat the correlated 
/-electron systems. For most of these approaches, the foun¬ 
dation of the theoretical framework is the concept of “Kondo 
resonance”- 11 Kondo compensation,” and there are a large 
number of publications based on this line of thought. 2 In this 
work, we propose an alternative approach to treat the corre¬ 
lated /-electron systems, which has nothing to do with the 
concept of Kondo resonance-Kondo compensation. This 
theory covers the diverse / magnetism, and it naturally leads 
to the nonmagnetic singlet “Kondo state” as one of the pos¬ 
sible states, along with other magnetic states, which the sys¬ 
tem could be in, depending on what the conditions favor. It 
shows how the diversity in / magnetism rests on the funda¬ 
mental aspects of the /-electron systems, including the roles 
of hyoridization versus exchange interaction, localization 
versus itinerancy, and the / orbital motion. 

We describe the theory in three steps: (1) for a single 
atom, considering only the spins of electrons; (2) also for a 
single atom, including the / orbital motion; (3) forming a 
crystal using atoms described by (1) and (2). 


II. STEP 1 

Consider a single isolated atom which has two orbitals: 
an / orbital |/) and a ligand orbital |/). Assume the following 
Hamiltonian for this atom: 

H mm =e,2 #<,+ 6/2 fU<r+Uf] f f \/i 

(7 (J 

+ (/t/„+A.C.W2 flfa'lX’ 0) 

<J (HT* 

where e f and e, are the energies of |/) and |/), respectively; 
f„ and l], create an electron with spin a in |/} and |/), re¬ 
spectively; U is the /-/ Coulomb repulsion; V is the hybrid¬ 
ization between the two orbitals; and J is the exchange Cou¬ 
lomb interaction between / and ligand electrons. Suppose 
6[> €j . Hamiltonian (1) is the Anderson Hamiltonian plus a 
J interaction. The inclusion of J leads to significant magnetic 
consequences, which have been shown by first-principle cal¬ 
culations for several materials, 1 and will be further analyzed 
later. 

Consider the case that the atom has two electrons. Ne¬ 
glect double occupancy of |/) by assuming U— »<*. When 
V=0 and .. , = 0, the system has a fourfold degenerate ground 
state, which, having one electron in |/) and the other in |/), 
has an energy £o= £/+£/• The fourfold degenerate states 
can be grouped into a spin singlet l^^o) a >'d a spin triplet 

l^o>=^(/!/W!/!>|0>, (2a) 

K = r') = /t/||0); 

l*" = i°)=4(/? / ! + /!^)l°); (2b > 

\ ^ 
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id>rr 1 )=/!/!io). 

The system has a singlet excited state, which, having two 
electrons in J/), has an energy £ cx = 2e t \ 

|4> C x) = /|/l|0). (3) 

When V is turned on bet J is kept to zero, the system has 
the following changes: (i) The singlet |<I> 5==0 ) mixes slightly 
with |d> cx ), lowers its energy by AE—2V 2 l(e t - ef) , and be¬ 
comes the actual ground state, (ii) The triplet | ~ 1 ) 

does not mix with !<t> 5=0 ) or |d> ex ); its energy remains un¬ 
changed and becomes a low-lying excited state, (iii) | ( I> CX ) 
mixes slightly with | < J> 5=0 ), and raises its energy by 
AE=-2V 2 l(e,-e/). 

The above picture contains the key elements of the 
Kondo problem: at low temperatures (T<AE), the system is 
bound in the nonmagnetic singlet state; as the temperature 
rises, the triplet state becomes populated and the system de¬ 
velops magnetic moments; at high temperatures (T$>AE), 
the singlet and triplet states are equally populated, and the / 
and ligand electrons can be seen as effectively decoupled. 
The foregoing treatments and discussions involving V were 
given by Fulde 4 and readers can find the details therein. 

On the other hand, when / is turned on but V is kept to 
zero, the splitting of the ground state is reversed. The ex¬ 
change energy is +J for the singlet ] <I> 5=0 ) and -J for the 
triplet !d> s=1 ). Thus the ground state splits by AE = 2J, and 
since 7>u, the triplet instead of the singlet is the ground 
state. Therefore J tends to destroy the Kondo state driven by 
V and maintains magnetic moments for the system. 

Ultimately, whether the system is in the nonmagnetic 
Kondo state or a magnetic state depends on whether V or J 
prevails. This opens the door for understanding the “Kondo- 
like” / phenomena and the non-Kondo magnetic / phenom¬ 
ena by a single model Hamiltonian. 


III. STEP 2 

We now do the same kind of analysis as in step 1, but 
with the / orbital motion included. We show that the features 
in step 1 are not fortuitous because of the neglect of the / 
orbital motion; instead, they are intrinsic to the /-electron 
systems. The atomic Hamiltonian is 

Wa,om=«?/£ 0„+ 6/2 fijma+lj ( Vjlf ma + h.C.) 

a m (t m it 

(4) 

m air 1 

where m indicates the orbital state of |/). We have dropped 
U from Eq. (4) by excluding double occupancy of |/) from 
our discussion. Considering that in a lattice the orbital mo¬ 
tion of the ligand states are largely quenched by the crystal 
field, we assume |/) is an 5 wave. Then J is m independent 
but V m is not. We also include spin-orbit coupling in the 
folio • ; - i g discussion by restricting the / electron to the 
/ =5/2 states |/ M ). 

When J = 0 and U-0, the ground state \j,v) 
(E 0 = ei+€f) is 12-fold degenerate, in which the total angu¬ 


lar momentum j of the system can be/ = 5/2 ±1/2; and the 
excited state |<b cx ) (£ cx =2e ; ) is the same as in Eq. (3). 

When V is turned on but J kept zero, the resulting 
13X13 Hamiltonian matrix has the following form: 


lE ex 

Vi 

V 2 

V 3 . 

• \ 

V* 

£o 

9 

0 . 

. 0 

V*_ 

0 

£o 

0 . 

. 0 

v; 

0 

0 

£0 . 

. 0 

■^>.. 

0 

0 

0 . 

• £0 J 


where V m is V m multiplied by some coefficient. The ele¬ 
ments of matrix (5) are all zero except those on the first row, 
first column, and the diagonal. This leads to the following 
eigenequation: 

[(£o-X)(£ ex -\)-6V 2 ](£ 0 -X)" = 0, (6) 

where 



(7) 


As a result, the system has: (i) an 11-fold state |4>i), which is 
purely \jv), and has an energy £ 0 ; (ii) a singlet |<I> 0 ), which 
is I) i') dominant but mixes slightly with |d> cx ), and has an 
energy £ 0 -A£; (iii) a singlet which is |<I> CX ) dominant but 
mixes slightly with |jn), and has an energy £ CX +A£, which 
we simply denote as |<1> CX ). These are similar to the spin-only 
case: the 12-fold degenerate ground state splits into an actual 
ground-state singlet |‘1> 0 ) and a low-lying excited state mul- 
tiplet )<!>,), and |<1> 0 ) is the only one of these states which 
mixes with |<1> CX ) through T, while |<I>j) is not affected by V. 
A£=61/ 2 /(e,- 6f) and the singlet |<l> () ) is 


|tl , „) = 


1 + 


6 1 / 2 

(e,-e/) 2 


- 1/2 


X 



v* 

~rr |3,t') + 
\I7V 


V 6V> 

*'-*/ 


|0> 




( 8 ) 


By applying the condition that V ,„ = (- 1 ) 3 * m V*, one can 
verify that ( < l ) olj| < I , o) == 0. Thus in |<I> (; ), an / j - 5/2 moment 
and a ligand 5=1/2 spin result in a nonmagnetic singlet, the 
Kondo state. 1^!) is magnetic since We con¬ 

clude that the forming of the Kondo state can be regarded as 
a consequence of the local correlations. In contrast, in the 
theory of Kondo compensation it is not clear how an / 
/ = 5/2 moment can be fully “compensated” by conduction 
electrons without the hardly reasonable consequence of con¬ 
suming five conduction 5=1/2 spins. 

We now turn on J. One can verifv that the J interaction 
does not change the ]‘T> 0 > and |<I>,) states iesulting from the V 
interaction, but simply shifts these states by different 
amounts. As a result, the 11-fold degenerate IdV splits: 
Some levels move toward |<1> 0 ), and some do not. If J is large 
enough, the lowest level from Ifi^) can cross over the 
V'-induced gap A £ and become the actual ground state, oth- 
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erwise, |d> 0 ) remains the actual ground state. Also similar to 
the spin-only case, whether the nonmagnetic singlet oi the 
magnetic multiplet is the ground state depends on whether V 
or 7 prevails. 

So far, we have seen that the key elements of step 1 
remain when / orbital motion is included. A new aspect also 
emerges with the inclusion of / orbital motion. Unlike the 
spin-only case, |d> 0 ) and are not eigenstates of the total 
moment j z . This causes the system to respond to a magnetic 
field (external or internal) with complicated magnetic con¬ 
figurations. Thus a crystal formed by such atoms, if being 
magnetic, can have complicated magnetic structures. In con¬ 
trast, the spin-only model can only have simple magnetic 
structures. 

IV. STEP 3 

We now construct a crystal using atoms described by 
steps 1 and 2. We call the interactions within an atom, which 
are represented by atomic Hamiltonians (1) and (4) and lead 
to atomic states | ( 1> 0 ), I'J^), and |<I> CX ), local correlations. We 
call the overlaps between electronic wave functions from dif¬ 
ferent atoms, together with the interactions between elec¬ 
trons from different atoms, nonlocal correlations. The nonlo¬ 
cal correlations, by driving the system toward itinerancy, 
tend to suppress the local effects, while the local correlations 
tend to preserve the local effects, and to suppress the itiner¬ 
ancy, 

We maintain that, for a large number of materials, the 
suppression of the local effects by the nonlocal correlations 
is small. In other words, the atomic states |<I> 0 ), |<t>,), and 
|<h cx ) resulting from the local correlations will be sustained to 
a large extent, while being dressed by the onset of nonlocal 
correlations. Based on this premise, we take |<I> 0 ), and 
|4>„) as the starting states, and adiabatically turn on the non¬ 
local correlations. The result is the self-banding of these 
atomic states, which leads to density spectra |%(k», 
I'F j(k)>, and |^ ex (k)), which are associated with |<I> 0 ), 
and |<I> ex ), respectively. 

Such spectra are of two-electron representation, since 
|d> 0 ). I' 'i)» ant J !$„> are two-electron states. The effects of 
local correlations are completely built into the two-electron 
wave function, thus completely represented by the two- 
electron spectra. If we choose single-electron states as bases 
to form a spectr 1- \ the local correlation effects cannot be 
represented in the ectrum so directly and completely. 

|'I , ex (k)> forms a wide band, since |T> ex ) is a product of 
two |/)s, which are spatially extended. |%(k)) forms a nar¬ 
row band, since |<b 0 ) is a product of one |/) and one |/), and 
|/) is spatially very small. |^,(k)> also forms a narrow band. 
We neglect the mixing between |Tyk)), l'Fj(k)), and 
I'I'ejfk)), since it will not change our discussion. We can also 
see that the Fermi level is always in the vicinity of narrow 
peaks from l^k)) and |'F 1 (k)) by simple counting of the 
electron occupation. 

We now have a two-component spectrum near the Fermi 
level: a nonmagnetic |'F 0 (k)) component and a magnetic 


iT^k)) component. The local V and 7 interactions determine 
which component is lower, and how much it is lower; the 
nonlocal correlations determine how wide they are, and the 
local and nonlocal correlations together determine how much 
they overlap. This opens a wide range of possibilities de¬ 
pending on by what proportion the two components are oc¬ 
cupied, and such wide possibilities lead to a wide range of 
magnetic behaviors. Three such possibilities are: (a) |T f 0 (k)) 
is occupied but |^,(k)) is empty, which leads to a nonmag¬ 
netic Kondo state; (b) |%(k)) and l'Fj(k)) both are partially 
occupied, which leads to reduced moments; (c) |^,(k)) is 
occupied but |^ 0 (k)) is empty, which leads to strong magne¬ 
tism. 

The above possibilities correspond to the case when the 
/ population is close to 1. If we include the wide band 
|'P ex (k)) into our discussion, it also opens the possibilities of 
reduced / population: the more |'P cx (k)) is populated, the less 
the / population the system has. 

From the description above, we see that this theory 
opens the door to understanding diverse / magnetism by ad¬ 
dressing the fundamental aspects of the correlated /-electron 
systems, such as hybridization versus exchange interaction, 
localization versus itinerancy, and Kondo state versus mag¬ 
netized state. As for the Kondo state, it comes from a new 
approach which is completely different, fundamentally, than 
the Kondo resonance-Kondo compensation theory. In this 
theory, the alternative possibility of the Kondo state and the 
magnetic states appears naturally as a consequence of local 
correlations. 

More work is needed to see if the approach proposed 
here can be developed into a comprehensive theory of corre¬ 
lated /-electron systems. (We also point out that the part of 
the theory described in step 3 is only a preliminary illustra¬ 
tion. and a more elaborate analysis will be published else¬ 
where.) To reach this goal, more aspects need to be ad¬ 
dressed, such as: the spatial and time distribution of electrons 
in i'F 0 (k)) and |'F r ,(k)>, magnetic excitations due to electronic 
scattering between |%(k)) and I'F^k)), and effective mass 
and susceptibility of electrons in |'F 0 (k)) or |ty,(k)). 
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The complex magnetic behavior of holmium is a well-established experimental fact and has been 
studied by a variety of experimental techniques, including magnetization, x-ray diffraction, thermal 
expansion, and heat capacity. Our recent studies have focused on using neutron diffraction to study 
the temperature and field dependence of the helimagnetic structure. The pitch of the helix is 
described by 7 , the spiral wave vector, t usually varies smoothly with temperature but tends to lock 
in at various values that are commensurate with the lattice when a field is applied. These lock-ins 
provide clues to the nature of the different magnetic phases and, up to now, all the lock-ins have 
corresponded to features of the magnetic phase diagram obtained from magnetization 
measurements. However, recent experiments have revealed a previously unobserved lock-in at 
t= 2/9 rlu in a 1.4 T b-axis field. It shares the same general features of other lock-ins except that it 
does not correspond to any feature of the magnetic phase diagram. 


Neutron diffraction has been particularly useful in deter¬ 
mination of the magnetic structure and the nature of the or¬ 
dering of magnetic substances. Holmium is one of the mate¬ 
rials that has been frequently studied in this way. 1 ' 4 For our 
part, we have used neutron diffraction to study holmium and 
its intricate magnetic phase diagram, 5 9 and used the results 
to supplement the information yielded by the various other 
experimental techniques. 10 19 One phenomenon which has 
been extensively investigated, 6 ' 9 using neutron diffraction, is 
the lock-in behavior of the spiral wave vector t. 

We have found lock-ins in holmium for magnetic field' - 
applied in different directions: specifically at r= 1/4 and 1/5 
rlu (reciprocal lattice units) in a 3 T c-axis field. 5 ' 7 r= 1/6 rlu 
is the ’‘original” lock-in which occurs in zero field below the 
Curie temperature (T c =2 0 K). 1 More recently, we have ob¬ 
served lock-ins at t= 1/4 and 5/18 for b-axis fields of 1.4 and 
3 T. In this paper we report our most recent studies, which 
have revealed a previously unobserved lock-in at r= 2/9 rlu 
which occurs at 75 K (in a 1.4 T b-axis magnetic field). The 
discovery of this lock-in is of particular interest for two rea¬ 
sons. First of all, 7=2/9 is part of a series of commensurate 
values arising from a simple spin-slip model. 2 2021 Seconu, 
while all of the previously observed lock-ins correspond to 
features of the magnetic phase diagram seen in magnetiza¬ 
tion measurements, 11 this is no! the case for the 7=2/9 lock- 
in. Given the previous correspondence between lock-ins and 
phase transitions, this raises the question of why this lock-in 
was not observed in magnetization measurements. 

Measurements were made on the N5 triple-axis spec¬ 
trometer at the Chalk River Laboratories of AECL-Research 
in Chalk River, Ontario. The scattering experiments were 
done elastically at an incident neutron energy of 8.23 THz, 
corresponding to a wavelength of 0.155 nm. The holmium 
sample was a high-purity single crystal roughly 2xlxl cm, 
provided by Pechan and Stassis 1 and used in our previous 
neutron studies. The sample was mounted in the M2 
cryostat," which provided a horizontal field with less than a 


2% variation in the field over the sample volume. The cry¬ 
ostat allows a range of temperatures from 4.2 K to room 
temperature, fields up to 3 T, and 350° access for the neutron 
beam. The sample was mounted so that we could observe the 
(/i01) reflections. A platinum resistance thermometer was 
used to control the temperature of the sample and a caifcor. 
glass thermometer used to read the temperature. The ther¬ 
mometers were mounted in the copper base to which the 
sample mount was also connected. The temperatures were 
high enough, and the field was low enough, that magnetore¬ 
sistance effects on the thermometers were negligible. 

Holmium in its antiferromagnetic state (between 20 and 
132 K in zero applied magnetic field) has a helimagnetic 
structure with ‘he moments in the basal planes ferromagneti- 
cally aligned, bi t with the direction of alignment in the plane 
changing in angle as one moves from plane to plane along 
the c axis. The pitch of the helix is given by the spiral wave 
vector 7 , which represents the periodicity in reciprocal space 
(for example, if the helix has a period of four lattice con¬ 
stants, then 7= 1/4 rlu). The effect of the magnetic structure 
on the neutron-diffraction pattern is to produce magnetic sat¬ 
ellite peaks offset by t from the nuclear peaks in reciprocal 
space, for instance at (10±7). Since the magnetic cross sec¬ 
tion and the nuclear cross section are comparable under our 
experimental conditions, the primary peak and its satellites 
are roughly of the same, relatively large, intensity. We mea¬ 
sured 7 by scanning in the c* direction, through both the 
satellite and the corresponding nuclear peak, carefully mea¬ 
suring their positions (determined using a Gaussian fit), and 
then obtaining the difference. In zero field t decreases 
smoothly, from a value of 5/18 (0.2778) rlu at the Neel tem¬ 
perature (7^ = 132 K), to 1/6 rlu at the Curie temperature. 
However, in the presence of an applied magnetic field, we 
have found that 7 becomes locked in, causing the t versus 
temperature curve to flatten out at certain values of 7 that are 
commensurate with the lattice. As a locked-in region is en¬ 
tered in a temperature sweep, there is also a distinct anomaly 
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FIG 1. r vs temperature in a 1.4 T b-axis field showing the 2/9 lock-in 
highlighted by the dashed line. Initial coarse runs are shown by ♦, and the 
finer temperature runs shown by ■ 


in the intensity of the magnetic satel'ite. The occurrence of 
this anomaly is not understood, but it is very useful for iden¬ 
tifying the lock-ins. The absolute error in r is estimated to be 
±0.0010 rlu and relative error between the scans better than 
±0.0001 rlu. The absolute error in r arises from uncertainty 
in the lattice parameters which are needed to measure dis¬ 
tances in reciprocal space. Unfortunately, data for the ther¬ 
mal expansion of holmium in the presence of a 1.4 T field are 
not available and, given the large magnetostriction of hol¬ 
mium, it is unlikely that the use of zero-field thermal- 
expansion data in this region would give the lattice param¬ 
eters to sufficient accuracy. The relative error arises from the 
counting statistics and least-squares-fitting procedure. 

In Fig. 1 we show a plot of r versus temperature for a 

1.4 T b-axis field. This plot clearly shows the lock-in at 
which r is 0.2215±0.0010 rlu, corresponding to t-219 rlu, 
at a temperature of 75 K. Despite the fairly modest field 
value, the lock-in is prominent and has a width of roughly 

1.5 K for the flattened region, very similar to the widths of 
the lock-ins at much higher field values. Figure 1 also shows 
the reproducibility from run to run. There are two runs 
shown: one at a coarse temperature step of 0.5 K and another 
finer run at 0.25 K between the scans. The two plots are 
almost identical. A lock-in at 2/9 rlu is not altogether unex¬ 
pected since it is one of the commensurate values that arises 
out of a simple spin-slip analysis. Although the spin-slip 
model was devised as a description of low-temperature phe¬ 
nomena (below 70 K), and is based on the detection of low- 
temperature phenomena (below 70 K), and is based on the 
detection of 5rand 7rpeaks," 20 there may be some basis for 
its use in high-field situations where extra stabilizing effects 
may be present. The associated intensity anomaly is shown 
in Fig. 2. It is often useful to use the peaks in intensity to 
characterize the width of the lock-in, since they are sharply 
defined compared to the edges of the lock-in region on the r 
vs T plot. If we examine this region of the magnetic phase 
diagram, obtained from magnetization measurements, 13 we 
find that this point falls below the closest coexistence curve 
by 0.4 T. In addition, if one follows this coexistence curve to 



FIG. 2. (10t) intensity vs temperature for the same runs as in Fig. 1 Notice 
the sharp anomaly in the lock-in region which has been present for all 
lock-ins observed so far. 

zero field, one finds that this curve is associated with x= 1/5 
and not 2/9 rlu. It thus appears that a branch of the phase 
diagram has been missed in the magnetization measure¬ 
ments. On looking at the magnetization measurements of 
Willis era/., 13 it is seen that some of the magnetization 
anomalies are quite subtle and it is, perhaps, not too su rpris- 
ing that one might have been missed. 

As well as the previously undiscovered 2/9 lock-in, we 
have also observed lock-ins at 1/4 and 5/18 rlu for the 1.4 T 
b-axis field. We have previously reported the 5/18 lock-in 
and compared it to the 5/18 lock-in for a 3 T b-axis field. 23 In 
that paper we mentioned that the width of the 5/18 lock-in 
appeared to vary as the square of the field, but this is not the 
case for the 1/4 lock-in. In Fig. 3 we show the 1/4 lock-in for 
a 1.4 T b-axis field, drawn to the same scale as Fig. 1 of our 
previous work. 0 Using the intensity anomaly to characterize 
the widths, we obtain a ratio of widths, (2.2 K/0 8 K)=2.8 
compared with (3 T/1.4 T) 2 =4.6, so our simple generaliza¬ 
tion does not apply here. This may have to do with the twist¬ 
ing of the phase diagram that occurs in this region compared 



i i 


A TOO 

FIG. 3. rvs the difference in temperature (AT) away from 99.6 K, in a 1.4 
T b-axis field is shown by • The 1/4 lock-in is much less prominent than 
in a 3 T field, and probably would have been overlooked if not for the 
intensity anomaly The ratio of the (10t) intensity to that of the (100) nuclear 

peak is shown by x. 
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to the higher temperature region and also the c-axis phase 
diagram. We also note that in the 1.4 T 6-axis field the width 
of the 1/4 lock-in is less than half that of the 2/9 lock-in and 
is much less prominent. 

There is also some question of how the 2/9 lock-in 
would manifest itself at higher fields. Due to the high mag¬ 
netization under such conditions, and the size of our sample, 
we have experienced difficulties in the past with bending of 
the sample mount by the forces and/or torques on the sample. 
These problems occurred in the region from 80 to 95 K in 
which there were two distinct phases present. 9 Assuming that 
there is another 2/9 coexistence curve on the phase diagram, 
we would hope to be able to observe some sort of anomalous 
behavior in this region for r= 2/9 rlu. This is not the case, 
and it appears as though some other interaction is dominating 
in this region. Clearly this region is deserving of further 
study at higher field values. 
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Die-upset Nd-Fe-Co-B magnets from blends of dissimilar ribbons 
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We prepared die-upset Nd-Fe-Co-B magnets from melt-spun ribbon powders which were a series of 
blends of two ribbon alloys. One alloy was always ternary Nd-Fe-B (no cobalt), and in the other 
cobalt replaced up to half of the iron. Differential scanning calorimeter measurements revealed that 
during hot working, the cobalt diffused across ribbon boundaries, effectively redistributing the 
transition metal concentration throughout the magnet. Instead of anomalies indicating the Curie 
temperatures of the two original ribbon compositions, we found a single transition consistent with 
the average cobalt concentration in the magnet. However, the transition was broader than expected, 
suggesting that the homogenization was incomplete. These results are new evidence of massive 
diffusion occurring between ribbons, changing the microstructure and facilitating the deformation of 
the otherwise rigid 2-14-1 magnet. 


I. INTRODUCTION 

Hot deformation, or die upsetting, was first presented as 
a viable process for greatly enhancing (>60%) the rema- 
nence of magnets produced from melt-spun Nd-Fe-B rib¬ 
bons, by Lee et al. in the early 1980s. 1 ' 2 Mishra and Lee 3 
have described the microstructure of die-upset magnets as 
platelet-shaped grains (50-100 nm thick and 200-600 nm in 
diameter) where the short dimension corresponds to the c 
axis of the tetragonal Nd 2 Fe, 4 B crystalline 4 phase. The de¬ 
formation process not only encourages anisotropic grain 
growth, but also causes the alignment of the grains with the 
c axis along the press direction (perpendicular to the flow of 
material). Optimizing alignment while maintaining sufficient 
coercivity has resulted in extremely high-energy products, 
nearly 50 MGOe, in melt-spun 2-14-1 magnets. 5 6 

The success of die upsetting depends on a fine-grained 
microstructure in the starting material. Suitable grain sizes 
can be easily obtained by melt spinning at moderate quench 
conditions. 5,7 It has also been demonstrated that mechani¬ 
cally alloyed 8 and hydrogen, decomposition, desorption, and 
recombination (HDDR) 9,10 materials can be used as precur¬ 
sor tor die-upset magnets. During die upsetting there is a 
burst of grain growth at high temperatures (1000-1100 K), 
creating a coarser-grained structure within a relatively short 
period of time (~ 1 min). Material is diffusing between re¬ 
gions as smaller grains vanish and are replaced by the new 
larger platelet-shaped grains. The diffusion momentarily 
softens the matrix, permitting the deformation which in turn 
leads to the crystallographic alignment of the microstructure. 
Once the new inicrostructure stabilizes, the matrix becomes 
essentially rigid and further die upsetting is impossible. 

In this paper, we have used differential scanning calo¬ 
rimeter (DSC) measurements of the Curie tempeiature ( T c ) 
to characterize the extent of iron and cobalt diffusion within 
the die-upset magnet. These measurements are sensitive to 
the specific heat of the material which experiences an abrupt 


change in slope at T c . This effect is very similar to that 
observed in thermal expansion measurements near T c 11-16 

II. EXPERIMENTAL DETAILS 

We used our standard sample preparation techniques 
which have been extensively described elsewhere. 5,17 The 
melt-spun ribbons were crushed to less than 60 mesh and 
sieved to remove fine particles (less than 270 mesh). The 
composition of the ribbons was ~14 at. % neodymium, 6 
at. % boron, and the remainder transition metal 
TM=(Vc i _ x Co x ), where 0^x^0.5. 

Ribbon blends were prepared by mixing cobalt-free 
(*0=0) ribbons with cobalt-containing ribbons (x,>0). The 
average cobalt concentration (x avg ) depended on the weight 
ratios (1-w and w) of the ribbons and can be approximated 
as * avg s(l-w).c 0 + wx] or x avg =H’jCj since x o =0. At the 
extremes, w =0 and w = 1, the powders consisted of a single 
composition with a cobalt concentration of x 0 and * 1( re¬ 
spectively. 

The blends of ribbon powders were hot pressed to pro¬ 
duce fully dense precursors (about 16 g). Subsequent die 
upsetting reduced sample heights by just over 50%. Mag¬ 
netic properties were measured with a hysteresis graph after 
premagnetizing in a pulsed magnetic field (100 KOe). The 
remanences (B r ) for magnets with moderate cobalt levels 
(* avg ^0.2) were in the range 12-12.5 kG; the coercivities 
(H a ) were slightly more variable, 7-10 kOe. At higher co¬ 
balt concentrations (0.2<Jt avg ^0.25) the remanences tended 
to be lower, B r -ll kG with no commensurate change in 
coerciviiy. In general, the reduced energy products, 
( BH) m3 J(B r /2) 2 , were in the range 0.9-0.95. Above 
jc avg -~0.3, the coercivities dropped off considerably. 

A high-speed diamond saw was used to cut small (2 
X3X3 mm 3 ) samples weighing about 135 mg for the differ¬ 
ential scanning calorimeter (DSC) measurements. We used a 
Perkin-Elmer model System-7 DSC with a temperature scan 
rate of 25 K per minute and a 25 ml per minute flow of argon 
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FIG. 1. DSC measurements of nine die-upset magnets produced by combin¬ 
ing different weight fractions, 1-iv and w>, of two ribbon alloys, x a =0 and 
*1=0.2. For clarity, the measurements have been displaced vertically with 
the single-alloy magnets at the top (w=0) and bottom (tv = l). The exother¬ 
mic heat flow is upward. 

gas. The DSC data have been adjusted to level the overall 
slope and were plotted in the figures with the exothermic 
direction of heat flow upward. 

III. RESULTS AND DISCUSSION 

The DSC measurements labeled w=0 and w = l in Fig. 1 
are characteristic of magnets from single-ribbon alloys. 
There is a relatively sharp minimum in each curve corre¬ 
sponding to T c . Both transitions occurred at temperatures 
appropriate for their respective cobalt content, 7' c =588 K for 
the jc 0 =0 cobalt-free alloy (w=0) and T c ~151 K for the 
x i —0.2 cobalt-containing alloy (w = 1). 18,19 However, when 
die-upset magnets were made from mixtures of these two 
ribbon alloys (0<w<l), there was no evidence of either of 
these transitions in the DSC measurements. Instead, the mea¬ 
surements revealed a single minimum or transition centered 
on the T c expected for an alloy with a cobalt level equal to 
x avg . Clearly the diffusion of iron and cobalt within the ma¬ 
trix is sufficient to create a material with nearly uniform 
cobalt distribution. This requires more than intergranular dif¬ 
fusion; rather, material transport is necessary over distances 
encompassing two or more ribbon particles. 

It is also clear from Fig. 1 that the homogenization of the 
composition was incomplete, because rather than sharp tran¬ 
sitions similar to the end points (w=0 and w= 1), the blends 
produced broadened transitions, suggesting that small varia¬ 
tions in cobalt concentrations between regions persisted. The 
greatest broadening occurred in the range 0.4*s wssO.8, just 
where one would expect the greatest statistical variation in 
the average composition. The variation can be reduced by 
grinding the ribbon powders, which increases the number of 



FIG. 2. DSC measurements on two die-upset magnets, both produced from 
a blend of equal weight fractions (w=0 5) of two ribbon alloys, one cobalt- 
free (x o =0) and the other cobalt containing (jc, =0.2). The upper curve was 
typical for magnets made from as-crushed coarse powder, less than 60 mesh 
(<250 fim) and greater than 270 mesh (>53 /wn). The lower curve was 
obtained from a magnet made from powder ground to finer than 325 mesh 
(<45 fim). The exothermic heat flow is upward. 

particles within a given volume. The result can be seen in 
Fig. 2, which shows DSC measurements from two magnets 
with identical overall compositions, one produced from our 
standard (coarse) powder and the other with powder ground 
to less than 270 mesh (fine powder). The fine powder pro¬ 
duced a sharper transition, consistent with less statistical 
variation and more uniform cobalt distribution. 

Figure 3 shows DSC measurements for a series of mag¬ 
nets containing half cobalt-free ribbons and half cobalt- 



F1G. 3. DSC measurements of ten die-upset magnets, nine of which were 
produced by combining equal weight fractions (w=0.5) of cobalt-free rib¬ 
bon alloys U 0 =0) and cobalt-containing ribbon alloys <x t >0). The tenth 
magnet (top) contained no cobalt U 0 = *| -0). The exothermic heat flow is 
upward. 
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FIG 4. DSC measurements of two die-upset magnets, each with the same 
average cobalt content, .v Jvg =0.1. The first magnet (bottom) was prepared 
from a single ribbon alloy (iv = l) containing cobalt, jc, =0.1. The second 
magnet (top) was prepared from a blend (w=0 5) of cobalt-free ribbons 
(x o =0) and cobalt-containing ribbons {x\ =0.2). The exothermic heat flow is 
upward. 

containing ribbons (*,>0). The curve labeled *!=(), corre¬ 
sponding to the single-ribbon alloy with no cobalt, is 
provided for comparison. In each case, the minimum corre¬ 
sponds to the anticipated T c for a 2-14-1 alloy with a cobalt 
concentration of x avg . The broadening increases monotoni- 
cally with increasing until the transition is almost unrec¬ 
ognizable for the highest x, values. Even broader transitions 
might be possible at higher cobalt levels (up to x avg =0.5), 
but the coercivities of die-upset magnets become very poor 
for x avg >0.3. 

We have also compared the DSC measurements of simi¬ 
larly prepared magnets with the same average cobalt concen¬ 
tration (see Fig. 4). Here both magnets have x avg =0.1, but 
one was prepared from powders of a single-ribbon alloy 
(vv = l and x,=0.1) and the other from blended ribbons (w 
=0.5 and x,=0.2). The apparent Curie temperatures were 
both near 675 K, but the minimum was broader for the 
blended r agnet. 

IV. SUMMARY 

We have shown that DSC measurements can be used to 
characterize the relative distribution of iron and cobalt within 
die-upset 2-14-1 magnets. When compared to single-ribbon 


alloy magnets, the anomaly associated with T c was consid¬ 
erably broader for magnets produced from blends of cobalt- 
free ribbons and cobalt-containing ribbons. When blending 
two ribbon powders, the broadest transitions were seen with 
nearly equal weight fractions. Since the broadening is con¬ 
trolled by regional variations in composition, the effect can 
be maximized by using coarse powers and selecting powders 
with large compositional differences, x,§>x 0 . Despite the 
broadening, the transition temperatures indicate that massive 
diffusion across ribbon boundaries has significantly homog¬ 
enized the composition of the magnet. A more controlled 
study of particle size could reveal more precisely the diffu¬ 
sion distances involved. 
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Evidence for reversal by nucieation in RE-Fe-B die-upset magnets 

L. Henderson Lewis, Y. Zhu, and D. O. Welch 
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Electron microscopy and initial magnetization studies at elevated temperatures were performed on 
two die-upset rare-earth magnets with bulk compositions Nd 1375 Fe 8025 B 6 and Pri 3 . 7 5 Fe 8025 B 6 . In 
both compositions the intergranular phase is amorphous and occurs primarily on those surfaces 
parallel to the tetragonal 2-14-1 phase c axis. The intergranular phase is enriched in iron relative to 
the bulk grain, with an average width of 8-12 A in the Nd-based magnet and 15-20 A in the 
Pr-based magnet. The initial magnetization curves and the dependence of the coercivity upon 
maximum magnetizing field both increase linearly with a common slope and then saturate, 
consistent with nucleation-dominated behavior. These results suggest that the dominant reversal 
mechanism in these magnets is nucieation of reversed domains in the iron-rich intergranular region 
of reduced anisotropy. 


I. INTRODUCTION 

Not only are magnets based on the RE 2 Fe 14 B tetragonal 
intermetallic compounds more economical to manufacture 
than other rare-earth-based magnetic compounds, but they 
possess impressive energy products which significantly ex¬ 
ceed those of prior-existing magnets. 1 However, a major 
drawback of this class of magnets is their high-temperature 
coefficient of coercivity, which causes the coercivity to fall 
steadily to unacceptably low values for temperatures much 
above 400 K. One method to compensate for this behavior is 
to increase the coercivity of the magnet 2 so that it more 
closely approaches its theoretical maximum value, the an¬ 
isotropy field (2 K { /M s ), which is around 90 kOe for 
Nd 2 Fe 14 B at room temperature. 3 Such directed engineering 
would be greatly facilitated by the identification of the domi¬ 
nant mechanism of magnetization reversal in these magnets. 
It is generally agreed upon in the literature that sintered 
2-14-1 magnets attain their coercivity by the nucieation or' 
reversed domains. 4 In constrast, the limiting mechanism 
which controls magnetic reversal in the RE 2 Fe H B die-upset 
magnets produced by melt-quench methods remains an open 
question. Some researchers believe that strong pinning of 
domain walls by a nonmagnetic intergranular phase deter¬ 
mines the coercivity in these magnets. 5,6 However, other 
studies comparing sintered and melt-spun magnets have con¬ 
cluded that the nucieation mechanism is dominant in both 
die-upset and sintered magnets, and recent data obtained 
from magnetic viscosity measurements 10 performed on melt- 
quenched magnets support this claim. 

In order to identify definitively and understand the rever¬ 
sal mechanism operative in the 2-14-1-based die-upset mag¬ 
nets, it is necessary to investigate simultaneously the micro- 
structural and the magnetic properties. 11 We present here 
some microstructural, microcompositional, and initial mag¬ 
netization evidence which suggests that the dominant rever¬ 
sal mechanism in these magnets is the nucieation of reversed 
domains. 

II. EXPERIMENTAL PROCEDURES 

Both high-resolution analytical transmission electron mi¬ 
croscopy (TEM) and magnetic measurements were per¬ 
formed on two (2-14-l)-based die-upset rare-earth magnets, 


with bulk compositions Nd ,3 75 Fe 8 o. 25 B 6 and Pr 13 . 75 Fe 8025 B 6 , 
obtained from the General Motors Research and Develop¬ 
ment Center. The magnets were manufactured by standard 
hot-deformation processing: 12 overquenched melt-spun rib¬ 
bons were hot pressed at 750 °C and then further deformed at 
800 °C to produce oriented die-upset magnets. Additional 
processing details are contained in Refs. 13 and 14. 

The analytical electron microscopy was performed on 
the intergranular phases and the boundaries of deformed 
grains using both a VG Instruments HB-501 and a JEOL 
2000FX transmission electron microscope. The samples 
were thinned with mechanical dimpling followed by argon- 
ion milling at room temperature. Over 30 unique grain¬ 
boundary regions were examined in the Pr-based sample 
while 10 were examined in the Nd-based sample. 

The initial magnetization curves and the dependence of 
the coercivity upon maximum magnetizing field at elevated 
temperatures were investigated in the range 350 K=s7’^425 
K in applied fields up to 20 kG using a superconducting 
quantum interference device (SQUID) magnetometer manu¬ 
factured by Quantum Design. Each sample was machined 
down to the approximate dimensions 1.3 mmX1.3 mmX2.0 
mm and was subsequently sealed in a quartz capillary tube of 
2 mm (i.d.)X3 mm (o.d.) to avoid the possibility of oxidation 
during measurement. Prior to each minor loop measurement 
the magnets were thermally demagnetized by heating to 30° 
above their nominal 2-14-1 Curie temperatures and then 
cooled in zero field to the measuring temperature. The result¬ 
ant hysteresis loops were corrected for demagnetization us¬ 
ing the equation 15 

H 4 ttM S X (2/tt)X arcsin{V l + q), (1) 

where q is the dimensional ratio. H demag was corrected fur¬ 
ther a constant multiplicative factor of 0.815, obtained from 
a measurement of low coercivity nickel. 

III. RESULTS 

The microstructures of both the Nd-based and the Pr- 
based die-upset magnets are very similar. As described in 
previous publications 16 ” 18 the materials are highly aniso¬ 
tropic, consisting mostly of platelet-shaped grains of the 
2-14-1 phase stacked parallel to their c axes and separated 
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FIG. 1. Iron concentration for Pr^sFego^Bj as a function of distance from 
grain boundary. 

from one another by a thin intergranular phase. The average 
dimensions of the deformed grains are 600 nm±150 nm in 
length by 150 nm±75 nm in width. A certain fraction of the 
grains are larger and equiaxed; these contain a speckling of 
precipitates in the grain interior which was not found in the 
more deformed grains. Mishra 18 estimated this fraction of 
larger grains to be around 15%. During our studies it was 
found that the intergranular phase is amorphous and its pres¬ 
ence is dependent upon the nature of the grain boundary in 
question: there appears to be no intergranular phase in (001) 
twist boundaries parallel to the tetragonal basal plane. The 
average width of the intergranular phase is 8-12 A in the 
Nd-based magnet and 15-20 A in the Pr-based magnet. The 
high-resolution analytical electron microscope studies re¬ 
ported here show that, for both the Nd-based and the Pr- 
based compositions, the intergranular phase is enriched in 
iron relative to the bulk grain composition. Figum 1 illus¬ 
trates the iron concentration profile in Pr-Fe-B upon traveling 
from one grain to another across the intergranular phase; it is 
to be noted that the iron concentration in the bulk grain is 
near 80%. Figure 2 gives a histogram of the relative ratio of 
iron to praseodymium in the grain-boundary region versus 
that in the grain interior for a sampling of 30 grain bound¬ 
aries. The trends for iron in the Nd-based sample were found 
to be very similar to those shown here for the Pr-based 
sample. 

The magnetic data are illustrated in Figs. 3 and 4 for 
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FIG 2. Histogram depicting Fc/Pr ratio for the grain-boundary phase vs the 
grain interior. 
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FIG. 3. Initial magnetization curves for die-upset Pr I3 TsFcgo 2 sB 6 at various 
temperatures. 

Pr-Fe-B. The results for Nd-Fe-B look very similar. Figure 3 
shows the initial magnetization curves at various tempera¬ 
tures. The initial curves of both samples show a steep 
temperature-independent rise in the magnetization, followed 
by an approach to saturation that is temperature dependent. 
Figure 4 illustrates the development of the coercivity in 
Pr-Fe-B with maximum applied field. As was the case with 
the initial magnetization curves, the coercivities initially de¬ 
velop rapidly and level out to a constant, temperature- 
dependent value. 

IV. DISCUSSION 

Structurally, nucleation may be controlled by small num¬ 
bers of relatively large defects whereas pinning requires a 
regular distribution of defects, such as fine precipitates, to be 
present in the material. 19,20 For efficient pinning it is desired 
that the magnetic properties of the two phases constituting 
the material be very different. 11 The microstructure of these 
magnets more closely matches that of a material character¬ 
ized by nucleation reversal because the deformed grains, 
which comprise ~85% ?f the sample, are largely free of 
precipitates. 

The high-resolution microcompositional analyses re¬ 
ported here clearly show an enrichment of iron in the grain¬ 
boundary region relative to the grain itself, for a sampling of 


Coercivity ol Die*Upset Pr 1# yf Fe w #J B f 
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FIG. 4. Coercivity vs maximum applied field for die-upset Pr 1 , 75 Fe 80 2 5 B6 
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30 grain boundaries. Additionally, this grain-boundary phase 
is not found to evenly wet all surfaces of the 2-14-1 main 
phase particles, but rather is found mainly on those bound¬ 
aries parallel to the c axis. These results differ considerably 
from those of Mishra, 18 obtained by lower-resolution meth¬ 
ods, who reported a grain-boundary phase with a composi¬ 
tion close to the eutectic phase Nd 70 Fe 30 (or Pr 70 Fe 30 ) and 
which coats each grain uniformly. We do not doubt that a 
phase with a composition close to Nd 70 Fe 30 does exist in 
these materials, especially since the excess rare-earth present 
in these magnets must be present somewhere in the micro¬ 
structure. However, the exact distribution within the micro¬ 
structure of rare-earth-rich and iron-rich grain boundaries, as 
well as intragranular phases, remains to be deterrnir.jd. 

The presence of excess iron in the grain-boundary phase 
has several important consequences with regards to inter- 
grain interactions. One result is that the grains are most prob¬ 
ably exchange coupled as well as magnetostatically coupled. 
The micromagnetic origins of the coercivity in fine-grained 
material strongly depend upon the type of coupling between 
the grains. Recent numeric micromagnetic calculations 21 of 
nucleation fields of 2D magnetic structures demonstrate that 
if grains have direct exchange interactions, the entire sample 
can easily demagnetize after reversal of one grain. 

The presence of a ferrous intergranular phase, which 
may well be magnetic, also allows for the existence of lower- 
anisotropy sites for reverse magnetization nucleation while at 
the same time it may reduce the probability of domain wall 
pinning at the intergranular phase. As is stated by 
Livingston, 19 pinning is a necessary requirement, even in 
nucleation-controllcd magnets, to avoid catastrophic reversal 
originating at low-coercivity regions. In these magnets a 
likely place for pinning to occur is at the larger RE-rich 
nonmagnetic pockets found along some of the grain bound¬ 
aries and at grain-boundary triple points. 

Our magnetic data strongly suggest that the coercivity of 
these magnets develops by the nucleation of reverse do¬ 
mains. A distinguishing characteristic between nucleation- 
dominated and pinning-dominated materials is the behavior 
of the initial susceptibility. A low initial susceptibility of a 
thermally demagnetized magnet implies that no free domain 
wall displacement occurs, because the walls are pinned 
within the crystallites. This results in only very small 
changes of magnetization for fields less than a critical unpin¬ 
ning field. Magnets that exhibit a high initial susceptibility 
have domain walls that move easily, implying that no 
domain-wall pinning occurs within the crystallites. 9,22 The 
initial magnetizations of the Pr-based magnets, Fig. 3, show 
a high initial susceptibility which is independent of tempera¬ 
ture. 

Another distinguishing characteristic between 
nucleation-controlled and pinning-controlled magnets is the 
development of the coercivity with applied field. Hadji- 
panayis and Kim 22 state that for nucleation-dominated mag¬ 
nets the coercivity H c increases linearly with magnetizing 
field and then saturates, whereas in those magnets character¬ 
ized by pinning the coercivity is almost negligible up to a 
critical field and then it suddenly increases to saturation. Fig¬ 
ure 4 clearly shows that these 2-14-1 die-upset magnets be- 
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have in the former manner at elevated temperatures. The 
common slope of the H c vs H a curve implies that these 
nucleation sites are structural features, but are thermally sen¬ 
sitive. 

V. CONCLUSIONS 

Evidence is presented which strongly suggests that the 
development of coercivity at elevated temperatures in die- 
upset RE 2 Fe 14 B magnets is probably dominated by the nucle¬ 
ation of reversed domains. It is likely that these reversed 
domains nucleate at reduced-anisotropy sites residing within 
the iron-rich grain-boundary phase, observed using high- 
resolution analytical TEM. However, the origin of the tem¬ 
perature dependence of the coercivity, which was attributed 
by Pinkerton and Fuerst 5,6 to strong pinning, still remains to 
be clarified. 

The above conclusions suggest methods to improve the 
temperature coefficient of coercivity in die-upset RE 2 Fe 14 B 
magnets. An ideal microstructure for a nucleation-type mag¬ 
net consists of grains of a magnetically hard phase that are 
exchange isolated from one another. 11 Therefore, segregation 
of nonmagnetic atoms to the grain-boundary phase via met¬ 
allurgical manipulation would produce higher-coercivity 
magnets. In fact, preliminary work along those lines has been 
done by Fuerst and Brewer 23 in which an increase of coer¬ 
civity was observed in die-upset Nd-Fe-B magnets upon in¬ 
troduction of noble-metal elements to the melt-spun ribbons. 
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Microstructure and magnetic properties of mechanically alloyed 
anisotropic Nd-Fe-B 

J. Wecker, H. Cerva, C. Kuhrt, K. Schnitzke, and L. Schultz a) 

Siemens AG, Research Laboratories, Erlangen and Munich, Germany 

Mechanically alloyed Nd-Fe-B powders with additions of Dy, Co, and Ga were hot compacted to 
magnetically isotropic materials and then deformed by die upsetting to obtain anisotropic magnets. 
Magnets can be processed either with a medium coercivity H CI of 7.8 kA/cm but with a high-energy 
product (BH) max of 330 kJ/m 3 or with a coercivity of 21.2 kA/cm and a lower (B//) max of 192 
kJ/m 3 . Plane-view transmission electron microscopy (TEM) pictures show nearly equiaxed 
Nd 2 Fe 14 B grains. In cross section, the grains display the typical platelet form known from MQ 
3-type magnets with a length of about 300 nm and a height of 100 nm. Characteristic for 
mechanically alloyed materials are up to 500 nm large globular NdO* particles distributed regularly 
throughout the microstructure which inhibit the anisotropic grain growth. In addition 5-20 nm small 
NdO* precipitates are found within some Nd 2 Fe 14 B grains. X-ray diffraction studies also indicate 
that the degree of texturing after die upsetting is smaller for mechanically alloyed than for melt-spun 
materials. High-resolution TEM experiments did not show any grain boundary phase usually found 
in melt-spun materials; however, this needs to be confirmed. 


I. INTRODUCTION 

The small grain sizes of rapidly quenched or mechani¬ 
cally alloyed Nd-Fe-B prohibit the preparation of anisotropic 
magnets by an alignment of the respective powders in an 
external magnetic field. Anisotropy can be induced by hot 
compaction of the ribbcns or powders to fully dense isotro¬ 
pic magnets followed by hot deformation. 1,2 From transmis¬ 
sion electron microscopy (TEM) analysis of melt-spun Mag- 
nequench (MQ)-type magnets it was concluded that the 
alignment proceeds by a combination of grain boundary slid¬ 
ing and grain boundary migration. 3 For mechanically alloyed 
materials a detailed investigation of the microstructure and 
its correlation to the magnetic properties remained to be 
done. First preliminary experiments already showed the pres¬ 
ence of Nd oxides in both the isotropic and the die-upset 
samples. 4 

II. EXPERIMENTAL 

Mechanically alloyed Nd-Fe-B powders were prepared 
by high-energy ball milling in a planetary ball mill or in an 
attritor with typical batch sizes of 30 or 300 g (milling time 
48 h). For comparison we also prepared rapidly quenched 
ribbons by conventional melt spinning. The compositions of 
the different samples are given below. The as-milled powders 
or the as-quenched ribbons were hot compacted to cylindri¬ 
cal magnets (diameter <f=10 mm, height /i = 10 mm) fol¬ 
lowed by a die-upset process. For both processes the tem¬ 
peratures were between 720 and 750 °C for mechanically 
alloyed powders and at 690 °C for the melt-spun ribbon; 
with a deformation ratio h 0 /h of 4 ( h 0 and h being the 
heights of the magnets before and after deformation). Mag¬ 
netic measurements were done in a vibrating sample magne¬ 
tometer after magnetizing the samples in a field of 50 kA/cm. 
For TEM analysis, the cylinders were sliced parallel and per¬ 
pendicular to the press direction. The samples were ground 
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and ion milled and were examined in a transmission electron 
microscope (JEOL 2000 FX). Chemical microanalysis was 
done by energy dispersive x-ray analysis (EDX). 

III. RESULTS 
A. Magnetic properties 

As for sintered or melt-spun Nd-Fe-B, the properties of 
mechanically alloyed magnets can be tailored to the desired 
needs by a proper choice of alloying additions. Figure 1 
shows the demagnetization curve of a magnet with a rema- 
nence J r of 1.32 T and thus with a high-energy product 
( BH) mm of 333 kJ/m 3 . Because of the low rare-earth con¬ 
tent, the coercivity H c , is rather low. H CI can be increased by 
nearly a factor of 3 by the partial substitution of Nd by Dy 
via an increase of the anisotropy field. However, because of 



magnetic field (kA/cm) 


FIG. 1. Demagnetization curves of two anisotropic mechanically alloyed 
magnets with compositions of Nd 15 5 Fe 72 Co 6 Ga t)5 B 6 (curve a) and of 
Nd,. ) Dy,Fc,.,Co- ^Ga 0 -.B,, 7 < (curve b). 
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TABLE I. Coercivity, H cl , remanencc, J ,, rcmanence ratio, R=J^iJ L , and 
energy product, ( BH ) m3X , of die-upset magnets with different Nd concen¬ 
trations 



H a (kA/cm) 

J,( T) 

R 

(BHU (kJ/m 3 ) 

Ndi3^Fc 7 jCo 6 Gao jB 1 

3.6 

0.87 

1.3 

97 

Nd 14 5 Fc 72 Co 6 Ga 0 5 B 7 

7.7 

1.30 

4.8 

313 

Nd I5 5Fe 71 Co 6 Gao 5 B 7 

8.8 

1.27 

4.0 

311 

Nd t6 jFe 70 Co 6 Ga o 5 B 7 

9.8 

1.19 

28 

265 

Nd ]4 Fe 7 i 4 Co 8 Gao 6 B 6 a 

7.1 

1.36 

4.3 

350 


“Melt-spun material. 


the antiferromagnetic coupling of the Dy to the transition 
metal sublattice the remanence decreases (Fig. 1). The simul¬ 
taneous addition of Co improves the temperature dependence 
of the magnetic properties and guarantees a coercivity of 9.0 
kA/cm even at 150 °C necessary, e.g., for the substitution of 
Sm-Co magnets in electromotors. 

For mechanically alloyed Nd-Fe-B, the texturing of fully 
dense magnets by die upsetting is only possible above a rare- 
earth concentration of 14 at %. Below this critical value 
hardly any anisotropy develops and J r remains low (Table 1). 
Above, one obtains energy products greater than 300 kJ/m 3 
and H ct increases with the Nd content in the same way as for 
MQ magnets. 5 The ratio, R=JVJ 1 , of the remanences mea¬ 
sured parallel and perpendicular to the press direction is a 
measure of the degree of texturing and shows values above 
4. For higher Nd concentrations ( BH) mm decreases probably 
because of nonmagnetic impurity phases. The magnet pre¬ 
pared for comparison from melt-spun ribbons with a Nd con¬ 
centration of 14 at % but with a slightly different concentra¬ 
tion of the remaining elements had a ( BH) mm of 350 kJ/m 3 
(Table I). 

B. Microstructure 

Cross-sectional TEM images which were taken parallel 
to the press direction show the typical platelet form of the 
Nd 2 Fe 14 B (<J>) grains known from MQ-type magnets 3 with a 
length and a height of about 300 and 100 nm, respectively 



FIG 2 Cross-section bright-field TEM image of die-upset 
Nd |5 5 Dy; 5 Fe 6 5 Co 10 Ga 075 B ( ,25 The arrnvs mark oxide inclusions in 
Nd 2 Fe 14 B grains 



FIG. 3 Cross-section bright-field TEM image of die-upset 
Nd ! 4 Dy 3 Fc 6 2 Co 1 4 Ga 07 5 B 62j . The large oxide grain marked by the arrow 
inhibits the growth of Nd 2 Fe 14 B to the typical platelet shape seen in Fig. 1. 

(Fig. 2). The flat surfaces of the grains are normal to the 
press direction and to the c axis of the tetragonal unit cell. In 
plane view, the grains are nearly equiaxed. Characteristic for 
mechanically alloyed magnets are up to 500 nm large Nd- 
oxide particles distributed regularly throughout the micro¬ 
structure which were already observed previously. 4 EDX 
analysis proves that the main metallic constituents of these 
oxides are Nd and Dy. The particles show a sponge-like con¬ 
trast and their diffraction patterns can be assigned to cubic 
NdO and Nd 2 0 3 . A characteristic feature is the fact that in 
their vicinity the growth of the grains flat platelets is 
inhibited as can be seen in Fig. 3 where the oxide particle in 
the center is marked by an arrow. Besides these intergrain 
oxides we also frequently observe 5-20 nm small precipi¬ 
tates within Nd 2 Fe 14 B (see arrows in Fig. 2) which by EDX 
analysis are identified as oxides. Such intragrain oxides were 
also observed in sintered magnets and are probably hexago¬ 
nal Nd 2 0 3 . 6 We have not observed the metallic intergranular 
phase found in MQ-3 magnets 3 (Fig. 4). Instead the grain 
boundary appears to be free of a minority phase and the 
lattice planes of neighboring grains directly meet at the 
grain boundary. 



FIG 4. High-resolution image showing the grain boundary between 
Nd 2 Fe 14 B grains in die-upset Nd 15 5 Dy 2 5 Fe 65 Co 10 Ga O 75 B 62S 
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FIG. 5. X-ray diffraction pattern of die-upset mechanically alloyed Nd-Fc-B 
(curve a) compared to melt-spun materials (curve b). 

The texturing during die upsetting becomes also evident 
in x-ray diffraction patterns taken in @/2@ geometry which 
show prominent (001) peaks (Fig. 5) indicative of an align¬ 
ment of the c direction normal to the surface of the magnet. 
Compared to the MQ-type magnet, however, the intensity of 
the (105) line is higher [Fig. 5(b)], hinting to a smaller de¬ 
gree of orientation in the mechanically alloyed material. 

IV. DISCUSSION 

Mechanical alloying like conventional sintering is a 
powder metallurgical technique to prepare high performance 
permanent magnets. Therefore, the presence of oxides in the 
microstructure is not unexpected. Indeed, by chemical analy¬ 
sis we detect an oxygen content of up to 0.5 wt % in the final 
magnet which is comparable to sintered magnets. The oxy¬ 
gen contamination is introduced to about 0.2 wt % with the 
starting powders and the rest coming from the uptake during 
processing. Since the oxygen forms rare-earth oxides, the 
amount of the Nd-rich intergranular phase which is supposed 
to be necessary for texturing via the anisotropic grain 
growth 3 should be reduced. This explains why we do not 
observe a crystallographic alignment for too low Nd concen¬ 
trations (<14 at %), i.e., when the Nd surplus is almost com¬ 
pletely reacted to Nd oxides in contrast to the samples pre¬ 
pared from melt-spun ribbons which have an oxygen content 
below 0.1 wt %. Nd 2 Fe 14 B has no plasticity at the tempera¬ 
tures used for die upsetting but shows brittle fracture 7 and 
therefore, the grain boundary phase indeed also should be 
present in our materials but obviously to a smaller amount. 


The observation of no grain boundary phase in the TEM 
experiments does not unambiguously prove that there is no 
Nd-rich phase at all because of only too few analyses we did. 
Also, the micrograph may have been taken from a part of the 
grain boundary which is not decorated by the Nd-rich phase. 
However, grain boundary phases were previously detected in 
the isotropic compacted magnets. 4 

The bimodal size distribution of oxide particles, i.e., 
large intergrain oxides and small pHi nd ec within the 
Nd 2 Fe 14 B were also observed in high-strength NiAl-based 
alloys and seem to be characteristic of mechanically alloyed 
materials. 8 So far, it is not clear to what extent the lack of 
texturing in the vicinity of large oxide particles (cf. Fig 3) is 
a direct consequence of their presence which prevents grain 
growth. Or if it results from the local absence of the Nd-rich 
phase which accelerates diffusional mass transport because it 
is liquid at the deformation temperatures. But both factors do 
reduce the remanence and thus the energy product as can be 
seen by comparing the mechanically alloyed and the melt- 
spun samples (Table 1). Since the occurrence of oxides at 
least under practical conditions can never be prevented in 
powder metallurgy the energy product of mechanically al¬ 
loyed magnets will always be somewhat lower than for re¬ 
spective MQ-type materials whereas the coercivities do not 
show any significant difference. For the latter magnets a 
(BH) max of 335 kJ/nr 3 was obtained with an even iower Nd 
concentration of 13.7 at % and a comparable deformation 
ratio. 5 Some improvement of the texturing of mechanically 
alloyed magnets may be possible by trying to introduce a 
low melting grain boundary phase artificially. For example, 
small amounts of diffusion alloyed Zn additives were shown 
to increase not only the coercivity of die-upset MQ magnets 
but also the remanence. 9 
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Preparation and transmission electron microscope investigation of sintered 
Ndi5.4Fe75. 7 B 6 jCui.3Nbo.9 magnets 
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Sintered magnets were prepared from jet-milled and hydrogen-decrepitated jet-milled 
Nd-Fe-B:(Cu,Nb) powder. The HD process started after heating the cast material up to 200 °C. A 
single-step annealing treatment at 525 °C improved the magnetic properties of all samples. Magnets 
prepared from the jet-milled powder required a short time sintering (<60 min) to obtain optimum 
coercivity but had poor density. Magnets prepared from the HD powder showed a higher remanence 
and energy density product but a slightly smaller coercivity than the magnet' - prepared from the 
jet-milled powder. The sintered and annealed magnets contain a multiphase microstructure. Nb was 
found as small precipitates within the hard magnetic grains and as intergranular boride phase. The 
addition of Cu lowers the melting point of the liquid phase during sintering and leads to the 
formation of an orthorhombic NdCu phase that is partly replacing the Nd-rich intergranular phases. 

The intergranular 5-phase Nd 6 Fe 13 Cu was found regularly in the annealed samples. Nd 2 Fe 17 was not 
detected in the investigated samples. 


I. INTRODUCTION 


III. RESULTS 


The magnetic properties of Nd 2 Fe 14 B magnets can be 
imoroved by the substitution of expensive Dy and Co and/or 
by the addition of two types of dopant elements that influ¬ 
ence the microstructure in a similar way. 1 Type I dopants 
(A/1=A1, Cu, Zn, C-a, Ge, Sn) form binary Ml-Nd or ter¬ 
nary M 1-Fe-Nd compounds, while type II dopants (A/2=Ti, 
V, Nb, Mo, W) form A/2-B or M2-Fe-B borides. In a previ¬ 
ous investigation we showed that the addition of Ga and Nb 
leads to good magnetic properties. 2 Small amounts of Cu 
improved the workability of hot worked magnets 3 and led to 
the formation of new intergranular phases like NdCu. 4 The 
purpose of this work was to study the microstructure and the 
magnetic properties of a Dy and Co-free magnet containing a 
type I (Cu) and a type II (Nb) dopant. 

II. EXPERIMENT 

The alloy with the nominal composition 
Ndi 54 Fe 757 B 67 Cu 13 Nb 0 (, was supplied by Treibacher 
Chemische Werke. Magnets were prepared by the powder- 
metallurgical sintering process from jet-milled powder (A) 
and from hydrogen decrepitated (HD) and jet-milled powder 
(B). The average diameter of powder A was 2.9 and 1.75 /triri 
of powder B. icspectively (determined by FSSS). An initial 
temperature of 200 °C was necessary to start the HD process 
at +1 bar H 2 pressure. Green compacts were pressed at 200 
MPa transverse to the direction of the aligning field of 1.25 
T. Sintering was done at temperatures from 1040 to 1120 °C 
for different times followed by a single-step annealing treat¬ 
ment. The magnetic properties were determined with a hys- 
teresigraph at room temperature. The microstructure of the 
magnets was investigated by means of analytical transmis¬ 
sion electron microscopy in a JEOL 200CX microscope fit¬ 
ted with two energy dispersive x-ray detector >, a high take¬ 
off angle Si detector ar J a low take-off angle Ge detector for 
light element analysis. Electron transparent samples were 
produced by grinding and following ion-beam thinning. 


A. Magrt *lc properties 

The magnets produced from powder A weie sintered be¬ 
tween 1080 and 1120 °C. The density of the samples and the 
remanence increased with increasing sintering temperature 
while the coercivity increased for the samples sintered for 
short times (40-60 min) at lower temperatures. A single-step 
annealing treatment at 525 °C improved the magnetic prop¬ 
erties. The magnet with the highest coercive field was sin¬ 
tered at 1080 °C for 40 min and annealed at 525 °C. That 
sample showed a coercive field of 910 kA/m and a rema¬ 
nence of 1.14 T, but had a poor density (<7 g/cm 3 ). 

The magnets produced from the HD powder B were sin¬ 
tered between 1040 and 1090 °C. Good magnetic properties 
were achieved after a single-step annealing treatment at 
525 °C f Fig. 1). At comparable sintering temperatures the 
HD magnets showed a higher remanence and energy product 
but a slightly reduced coercivity than the magnets produced 
from powder A. 
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FIG 1 Magnetic properties of the sintered and annealed 
Nd^ 4 Fe 7W B (>7 Cu 1 ,Nb 04 magnets produced from the HD powder All 
samples were sintered for 1 h and annealed at 525 "C. 
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TABLE I. Phases found in the sintered and annealed 
Ndjj 4 Fc 75 7 B 4 7 Cu t 3 Nb 0 g magnet. 


Phase 

Composition 

Structure 

4> 

Nd 2 Fc, 4 B with Cu substitutions 

Tetragonal 

p4> 

Nb containing precipitates within tj> 

Hexagonal NbFeB 

V 

Intergranular Nd 1+e Fe 4 B 4 

Tetragonal 

i B 

Intergranular NbFeB 

Hexagonal NbFeB 

n\ 

Intergranular Nd rich (4-Fe) 

fee 

n 2 

Intergranular Nd rich 

hep 

CU 

Intergranular NdCu 

Orthorhombic 

s 

Nd 6 Fe, 3 Cu 

Tetragonal 

no 

Nd 2 Oj impurities 

Rhombohedral 


B. Microstructure of the magnets 

A magnet from set A, sintered at 1080 °C for 40 min and 
annealed at 525 °C, was chosen for the transmission electron 
microscope (TEM) investigation. The phases detected in that 
magnet are summarized in Table I. The magnet contained a 
multiphase microstructure consisting of the hard magnetic 
phase (<£), two types of boride phases (t) and iB), several 
Nd-rich intergranular phases, and the 5-phase Nd 6 Fe 13 Cu. 

Like in the case of the Ga- and Nb-doped magnets, 2 the 
hard magnetic Nd 2 Fe 14 B phase (<£) was found with a high 
amount of spherical NbFeB precipitates p<f> with a diameter 
up to 50 nm as shown in Fig. 2. But some 4> grains did not 
show any precipitates. Intergranular boride phases occurred 
as grains with a diameter up to several microns as hexagonal 
NbFeB (iB) and as tetragonal Nd 1+f Fe 4 B 4 (77). Both inter¬ 
granular boride phases usually contained a high density of 
crystal defects (Fig. 3). Nd-rich intergranular phases were 
found with fee (nl) or hep («2) crystal structure. The fee 
phase (nl) usually contained some Fe or oxygen as in Ref. 
5. In addition an intergranular orthorhombic NdCu phase 
(cu) was partly replacing the Nd-rich phases (nl) and (n2). 
Figure 4 shows the NdCu phase besides a Nd-rich phase and 
a hard magnetic grain with the corresponding x-ray spectra. 
Nd 2 0 3 was found as an impurity phase. The tetragonal 



FIG 2. Micrograph of the hard magnetic phase 4> containing a high amount 
of spherical NbFeB precipitates py 



FIG. 3. Micrograph of the intergranular boride phases Nd, +( Fe 4 B 4 (v) an <J 
NbFeB (iB) with the corresponding x-ray spectra besides a hard magnetic 
gram <b. 

5-phase Nd 6 Fc 13 Cu that is in equilibrium with Nd and NdCu 
in the ternary Nd-Fe-Ci phase diagram 6 was found quite 
regularly as a separate grain with a size up to several microns 
in the Nd 154 Fe 75 7 B h7 Cu 13 Nb ()9 magnet (Fig. 5). Nd 2 Fe 17 
was not detected in the investigated sample. 

IV. DISCUSSION 

Ternary Nd-Fe-B magnets have a poor temperature sta¬ 
bility and bad corrosion resistance. To overcome these prob¬ 
lems, Dy and Co are widely added to magnets. The addition 
of dopants helps to produce magnets with good magnetic 
properties without the expensive heavy rare-earth element 
Dy and without Co. From the ternary Nd-Fe-Ml phase dia¬ 
grams it is clear that type 1 dopants like Cu, Al, or Ga lower 
the melting temperature of the liquid phase during sintering. 
On the other hand, the wettability of the liquid phase is dif¬ 
ferent for Cu, Al, and Ga, respectively. Improved wettability 
of the liquid phase leads to a better decoupling of the hard 



FIG 4. NdCu phase (cu) and a Nd-rich phase (n) besides a hard magnetic 
gram (<f>) The NdCu phase is partly replacing the Nd-rich intergranular 
phases. 
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FIG. 5. Micrograph of a Nd 6 Fe, 3 Cu grain (S phase) with the corresponding 
x-ray spectrum. This phase is found quite regularly in the 
Nd 15 4 Fc 7 5 7 B 67 Cu, 3 Nb 0 9 magnet 


netic phase 7 and forms NbFeB precipitates within the 
Nd 2 Fe 14 B phase as well as intergranular NbFeB grains that 
also help to decouple the hard magnetic grains. 

Compared to ternary Nd-Fe-B magnets, where the HD 
process allows a lowering of the sintering temperature, 8 the 
sintering temperature of the HD-processed Cu- and Nb- 
doped powder could not be reduced to obtain high coercive 
fields. This explains why wettability is not improved by Cu 
addition. For a given sintering temperature the remanence 
and the energy density product of the HD magnets was larger 
than that of the magnets prepared by the standard jet-milling 
process. The main advantage of Nd-Fe-B:Cu magnets is the 
improved corrosion resistance compared with Nd-Fe-B mag¬ 
nets. Nb-addition suppresses the formation of a-Fe. 
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I Fe-Nd-C-based ingot permanent magnets by solid-state transformation 

I M. Leonowicz, H. A. Davies, a) and S. Wojciechowski 

; Department of Materials Science and Engineering, Warsaw University of Technology, Narbutta 85, 

02-524 Warszawa, Poland 

t The effects of composition, annealing temperature, and annealing time on the magnetic properties 

and microstructure of Fe 66 A/ 2 Nd 2 (A 5 B o 5 (Af=Ga,Nb,Cu,Al) ingot magnets are presented. It has 
been found that the magnitude of the hard magnetic properties, which evolve during the solid-state 
transformation Fe 17 Nd 2 C x to Fe 14 Nd 2 C, depends on the additive elements. These additions which 
decrease the melting temperature of the intergranular phase accelerate the transformation process 
and those which increase this temperature retard the transformation. Coercivities up to 880 kA/m 
combined with a remanence 0.58 T were produced in alloy ingots with Cu. The initial grain size was 
found to be crucial in producing good magnetic properties and coercivities as high as 980 kA/m 
were achieved for Fe-Nd-C-B alloy magnets hot pressed from microcrystalline melt spun ribbon. A 
modest increase of remanence (~0.7 T) was achieved by die-upset forging of ingot alloys. 


I. INTRODUCTION 

The principal routes for the production of RE-Fe-B per¬ 
manent magnets are those based on liquid phase sintering , 1 
or on melt spinning , 2 followed by resin bonding or hot work¬ 
ing the crushed ribbon.” Both technologies are based on 
powder processing. However, there are two systems for 
which useful coercivities can be obtained in the cast state. 
Fe-Pr-B ingot magnets exhibit coercivities up to 1000 kA/m 
and partly columnar alloys show remanences of ~0.7 T . 3,4 
The second system is based on the Fe 14 Nd 2 C compound .'’ -8 
Its structure and intrinsic magnetic properties are broadly 
comparable with those of Fe 14 Nd 2 B . 5 The possibility of pro¬ 
ducing cast magnets is attractive due to the simplicity of the 
processing, low cost, and the ability to manufacture net 
shape products without the need for handling powders or 
ribbon. The Fe-Nd-C system is interesting also because the 
Fe 14 Nd 2 C compound forms by a solid-state peritectoid reac¬ 
tion, which occurs below 900 °C . 6 Small addition (0.05%) of 
boron accelerates the nucleation rate of the Fe, 4 Nd 2 C phase, 
increases the transformation temperature (~1050°C); and 
reduces the annealing time . 7 

In this study the possibility of achieving useful coercivi¬ 
ties in the Fe-Af-Nd-C-B (M = Cu,Ga,Nb,Al) ingot magnets, 
within a relatively short annealing time of a few hours was 
investigated and the temperature-microstructure relations 
were analyzed. 

II. EXPERIMENTAL PROCEDURE 

The Fe M) /Vf 2 Nd 2 () C y 5 B () 5 (M =Ga,Nb,Cu,Al) alloys were 
made by induction melting the pure elements under an argon 
atmosphere. The ingot magnets were prepared by annealing 
the ingots in evacuated silica tubes. The Fe h 8 Nd 20 C 9 5 B 0 5 
alloy was also prepared in ribbon form by melt spinning in 
an argon atmosphere and the crushed ribbon was subse¬ 
quently hot pressed at 700 °C in argon. The magnetic prop¬ 
erties were measured using an Oxford VSM with maximum 
applied field of 5 T. Phase identification was performed by 
x-ray diffraction. Microstructura! observations were made 


J Department ol Engineering Material 1 ), University of Sheffield, Sheffield 
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using scanning electron and optical microscopy. The Curie 
temperature and the melting point of the grain boundary 
phase were evaluated in a Perkin-Elmer DSC-2 scanning 
calorimeter. 

III. RESULTS AND DISCUSSION 

The effects of annealing temperature on the magnetic 
properties of the Fe fc 8 Nd 20 C 9 S B 0 5 alloy are shown in Fig. 1 . 
The alloy was annealed for a constant time of 5 h. The 
Fe 14 Nd 2 C compound first appeared at 800 °C but due to only 
partial transformation at this temperature, the remanence ( J r ) 
was relatively low. Both J r and coercivity (jH c ) achieved 



700 800 900 1000 1,100 

Temperature [°CJ 

FIG. 1 Magnetic properties for Fe M Nd 20 C< y <,B 0 5 ingot and melt spun 
tm sp 1 ribbon alloys annealed at different temperatures for 5 h Mean grain 
size for the ingot alloy is also shown. 
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20 pm As-cast 7kA/m 20 pm 800 °C 390kA/m 



FIG 2. SEM micrographs for Fe^NdjoGuBm ingots: as-cast (jH c -1 kA/ 
m), and annealed for 5 h at 800 °C (jH c =380 kA/m), 900 °C {jH c =630 
kA/m), and 1050 °C (jH c =9 3 kA/m). Backscattcrcd electrons images 


maxima at 900 °C and the shape of the demagnetization 
curve for this sample indicated that the material consisted 
largely of the Fe 14 Nd 2 C phase. Samples annealed at 1050 °C 
appeared to contain much soft magnetic phase and this tem¬ 
perature seemed to be close to the point of equilibrium co¬ 
existence of the Fe 14 Nd 2 C and Fe 17 Nd 2 C, phases. The mean 
grain size ( D g ) for the cast ingot alloy was inversely propor¬ 
tional to the amount of Fe 14 Nd 2 C phase and showed a mini¬ 
mum of ~10 /xm for the sample annealed at 900 °C. The 
coercivity of the magnets correlated closely with the grain 
size. Samples having a much smaller grain size (-50 yum) 
produced by hot pressing of rapidly solidified ribbon exhib¬ 
ited jH c up to 300 kA/m higher than the ingot magnets of the 
same composition. 

Fe-Nd-C-B alloys crystallized from the melt formed a 
fine dendritic microstructure. These elongated grains became 
equiaxed during annealing, firstly as Fe 17 Nd 2 C* ('15 /xm), 
then reducing their size to '10 /xm, on decomposition to 
Fe| 4 Nd 2 C. Long time annealing (70 h) at 850 °C did not 
result in coarsening of the microstructure. In contrast, the 
alloys annealed at 1050 °C were transformed by a small pro¬ 
portion only so that the final structure consisted of large 
grains (~30 /xm) of mostly Fe l7 Nd 2 C ( phase (Fig. 2). 

The effect of annealing time on the magnetic properties 
was investigated for the Fe ft() Cu 2 Nd 2 ( ,C v 5 B 9 5 alloy. The as- 



FIG 3. Magnetic properties and mean grain size for Fc 66 Cu 2 Nd M C 9S B 05 
ingot magnets after annealing at 850 °C for different times. 


cast alloy was magnetically very soft but jH c of 880 kA/m 
was developed after annealing for 5 h at 850 °C (Fig. 3). 
Significant coercivity appeared after a relatively short an¬ 
nealing time of 0.5 h. The reaction was completed after about 
4 h annealing. For the longer annealing times at 850 “C a 
decrease of coercivity was observed though ./, was almost 
unchanged at a level of 0.58 T. X-ray diffraction analysis for 
this alloy showed patterns typical of the Fe 17 Nd 2 C t and 
Fe, 4 Nd 2 C structures for the as-cast and annealed (70 h at 
850 °C) samples, respectively. The microstructure observa¬ 
tions showed a decreasing grain size from '20 /xm for the 
specimen annealed for 0.5 h to -10 /xm for the fully trans¬ 
formed material. 

Partial substitution for iron was made in a series of al¬ 
loys Fe 66 M 2 Nd 20 C 9 5 B 0 5 with M=Ga,Nb,Cu,Al. These ele¬ 
ments M were known to increase the coercivity of the Fe- 
Nd-B type magnets, mostly by changing the properties of the 
boundary phases.* 1 The magnetic properties of substituted al¬ 
loys are shown in Table I. The ternary and Cu-containing 
alloys exhibited high jH c after very short annealing times, 
starting from 1 h, within the temperature range 850- 
1000 °C. Somewhat longer times were required for the Ga- 
containing alloy whereas the alloys with Nb and A1 addi¬ 
tions, even after long time annealing (five days), were only 
partially transformed and showed considerable proportions 


TABl.E I Magnetic properties for Fe w yV/iNdi„C, 5 B 05 (A/=Ga,Nb,Cu,AI) ingot alloys annealed at 900 °C. 


Composition 

jH c 

(kA/nt) 

Jr 

(T) 

<BH) ralx 

(kJ/m 3 ) 

Annealing 

time 

Fe^Nd-yC, 5 B 0 s 

630 

0 58 

50 

5 h 

l ; e te Nd 2 oCi, 5 B 0 5 melt spun 

980 

0.65 

66 

5 h 

^' C <)6^' U 2‘ S '^20^'9 5^0 5 

880 

0.58 

51 

5 h 

5^0 5 

620 

0.56 

48 

5 h 

5 |3 () 5 

550 

0.55 

40 

5 days 


420 

0 55 

37 

5 days 
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TABLE II. Curie temperatures T c and melting temperatures of the boundary 
phases T e for as-cast and annealed Fe^MjNdjoC^Bos (A/=Ga,Nb,Cu,Al) 
alloys. 


Composition 

Treatment 

T c (°C) 

T t (°C) 

F e 68Nd2oC9 5B os 

as-cast 


707 


annealed 

311 

707 

Fe^CujNdjoC, 5 B 0 5 

as-cast 


587, 639 


annealed 

312 

523, 575 

^ e 66^ a 2^^2oQ 5^0 5 

as-cast 


702 


annealed 

312 

637 

FctoNtbNdaiC? sB 0 5 

as-cast 


717 


annealed 

312 

111 

^ c 6 fA^ 2 Nd 2 oC 9 5 B 0 5 

as-cast 


>727 


anneated 

312 

>727 


of a soft magnetic phase. Results of the DSC analysis, pre¬ 
sented in Table II, showed no change of the Curie tempera¬ 
ture which suggested that no substantial amounts of the ad¬ 
ditives entered the Fe 14 Nd 2 C phase. However, quite large 
differences in the melting points of the boundary phase were 
found. The multiphase grain boundaries melt in several 
stages which, due to the equipment limitations, we were able 
to measure only up to 727 °C. The lowest melting point was 
exhibited by the Cu-containing alloy which, on the DSC 
trace, showed a small primary melting peak at 523 °C and a 
large melting effect starting at 575 °C. This alloy had the 
best magnetic properties in the ingot state which moreover 
were developed within a short annealing time. 

It has not been possible in the present study to establish 
whether the other alloys exhibit multistage melting because 
their incipient melting temperatures. The Al-containing alloy 
did not show a melting effect up to 727 °C. The two alloys 
having the highest melting temperatures of the intergranular 
phases, i.e., containing Nb and Al, did not transform com¬ 
pletely to the Fe 14 Nd 2 C phase even after a very long anneal¬ 
ing time within the whole temperature range 800-1000 °C. 
Thus, it seems plausible that the properties of the intergranu¬ 
lar liquid phase affects the kinetics of the peritectoid trans¬ 
formation, either acting as an aid to the process by increasing 
diffusivity across the phase boundary or retarding the diffu¬ 
sion and stabilizing the Fe 17 Nd 2 C x phase. 

To increase J r of the magnets attempts were made to 
produce anisotropic microstructures by hot deformation. Die- 
upset forging of cast alloys resulted in a modest increase of 
the remanence with a substantial decrease of the coercivity, 
as is shown in Fig. 4 for Fe 56 Ga 2 Nd 20 C 9 5 B 0 5 alloy. The re¬ 
duced coercivity exhibited by the die-upset forged magnets 
we relate to squeezing out of the specimen the Nd-rich 
boundary phase which separates the hard magnetic grains. 
This appears to be more pronounced for the magnets contain¬ 
ing additional elements which lower melting point of the 
boundary phase. 10 

IV. CONCLUSIONS 

A coercive ingot materol, with jH ( up to 880 kA/m, was 
fabricated by solid-state transformation during heat treatment 
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FIG. 4. Cast and die-upsct forged Fe 66 Ga 2 Nd 2 oC 9 5 B 0 5 alloys. 


of Fe-Nd-C-B type ingot alloys. The useful annealing tem¬ 
peratures were in the range 800-1000 °C. Annealing times 
of a few hours was found to be sufficient to achieve complete 
transformation for Fe 68 Nd 20 C 9 5 B 0 5 and for Cu, and Ga- 
added alloys. However, only small volume fractions of 
Fe 14 Nd 2 C were obtained for Nb- and Al-containing alloys. 
The kinetics of the peritectoid transformation were found to 
be affected by the melting temperature of the intergranular 
phases. The elements which lower this temperature are con¬ 
sidered to act as an aid to the process by increasing diffusiv¬ 
ity across the phase boundary and the elements that increase 
melting point can inhibit the process and effectively stabilize 
the Fe 17 Nd 2 C* phase. The optimally annealed alloys had 
mean grain sizes of —10 /itm and their coercivity showed 
strong dependence on the initial microstructure before the 
heat treatment. Some increase of the remanence (-0.7 T) 
was achieved after die-upset forging of cast alloys. 
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Generation of highly uniform fields with permanent magnets (invited) 

M. G. Abeie 
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A review of a design methodology of permanent magnets composed of magnetic materials with 
quasilinear demagnetization characteristics is presented. The paper focuses on the design of efficient 
permanent magnets for applications that require strong and highly uniform fields. The compensation 
of the field distortion caused by design constraints and fabrication tolerances is one of the aspects 
of magnet design discussed in this paper. A design procedure based on active filter structures that 
restore a required degree of field uniformity is reviewed. 


I. INTRODUCTION 

The evolution of the design of permanent magnets in 
recent years has been prompted by the development of high- 
energy product rare-earth magnetic materials. The character¬ 
istics of these alloys, and, in particular, their high intrinsic 
coercive force, have extended the use of permanent magnets 
to a number of applications. Compared to electromagnets, 
permanent magnets have the obvious advantage of requiring 
no external power supply and no maintenance cost. Their 
basic disadvantages are the high cost of the magnetic mate¬ 
rial, the technological problems of achieving any desired dis¬ 
tribution of magnetization, and the difficult operations of 
preparing and assembling the magnetic blocks. 

The most striking property of modern rare-earth materi¬ 
als is their quasilinear demagnetization characteristics. This 
property has led to the introduction of new design ap¬ 
proaches that depart drastically from the traditional magnet 
designs where only approximate numerical solutions are pos¬ 
sible due to the highly nonlinear characteristics of older mag¬ 
netic alloys. 1 Exact mathematic solutions of the field gener¬ 
ated by the new material have resulted in novel magnetic 
structures that differ from traditional magnetic circuits both 
in terms of geometry and field properties as well. 2-4 

At present, the most significant application of large per¬ 
manent magnets is found in nuclear magnetic resonance im¬ 
aging in medicine, where the size of a magnet is dictated by 
the dimensions of the human body and the field strength is 
selected on the basis of imaging requirements. Superconduc¬ 
tive magnets still have the lion’s share of the medical field 
and their technology is constantly improving in terms of size, 
self-shielding property, and reduction of maintenance of the 
cryogenic equipment. On the other hand, the advantages of 
permanent magnets justify the current efforts to reduce their 
cost, weight, and size. At present, the main application of 
permanent magnets is found in the low to medium field 
strength. 5 Two major challenges face the designer: genera¬ 
tion of high fields of the order of the remanence within ac¬ 
ceptable limits of size and weight, and reduction of the com¬ 
plexity of the problem of compensation of field distortions 
due to practical design constraints and magnetization 
tolerances. 6 


II. BASIC MAGNETIC STRUCTURES 

The quasilinear demagnetization characteristics of mod¬ 
ern magnetic materials is the basis of the development of a 


linear theory of the design of permanent magnets that rel¬ 
egates the nonlinear effects to a perturbation of basic linear 
solutions. 7-9 

The design of a magnet is the classical inverse problem 
where once the field is assigned within a region of interest, 
the designer must find the configuration of the magnetic 
structure capable of generating such a field. On one hand, the 
designer faces the problem of the indeterminacy of the solu¬ 
tion of the inverse problem. On the other hand, the indeter¬ 
minacy makes it possible to satisfy specific requirements by 
choosing the solution among several categories of magnetic 
structures, in order to satisfy specific design requirements. 

Once a field distribution is specified within a given re¬ 
gion, it is always possible to generate such a field with a 
magnetic structure that encloses the assigned region. As an 
example, consider the problem of generating a two- 
dimensional periodic field with a period 4z 0 along the z co¬ 
ordinate of a prismatic cavity of rectangular cross section of 
dimensions 2x x , 2y ,. The field is independent of the x coor¬ 
dinate and on the plane y=0 is oriented in a direction per¬ 
pendicular to the plane, as indicated in the schematic of 
Fig. 1. 

The scalar potential within the prismatic cavity is 


<t> = 


Ho 

k 


sinh ky cos kz, 


( 1 ) 


where k = v/2z 0 and H 0 is the amplitude of the field intensity 
on the y=0 plane. Equation (1) describes the field of an 
undulator. 10 A structure that generates the periodic field With¬ 


in „ 

[ 1‘0 

i 



FIG 1. Periodic two-dimensional field. 
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FIG. 2. Cross section of undulator. 


out introducing harmonics is shown in Fig. 2, where the 
magnetic material is distributed between the cavity and an 
external rectangular boundary of dimensions 2x 2 , 2y 2 . 

The two sides of the external boundary perpendiculat to 
the y axis interface with a high magnetic permeability mate¬ 
rial that closes the flux of the magnetic induction. The flux 
does not cross the sides perpendicular to the x axis. These 
two sides are also equipotential and, as a consequence, they 
interface with external nonmagnetic media. In the first quad¬ 
rant the components of the remanence of the magnetic ma¬ 
terial are 

sinh ky 2 

7u=0 ’ k(y 2 -y } ) C0S kz ' 

/x 0 //o 

Ji x = - 77 -rsinh ky cos kz, J 2y - 0, 

k{X 2 — Xy) 

( 2 ) 

UnH 0 sinh ky , 


J3y ~ A()W077 


sinh ky 2 x 2 ~x 


sinh ^(y 2 - yi) x 2 -x 


cos kz. 


Equation (2) shows that both magnitude and orientation of 
the remanence are a function of position. In general, a non- 
uniform field requires a nonuniform distribution of magneti¬ 
zation in the magnetic structure; this could be very difficult, 
if not impossible, to implement in practice. Thus even if an 
exact solution is found, the design and fabrication of a mag¬ 
netic structure would have to be an approximation of the 
theoretical model. An exception is found in the generation of 
a uniform field in which case the exact solution of the design 
problem yields structures of uniformly magnetized polyhe¬ 
drons that can be fabricated from standard blocks of mag¬ 
netic material. 

The existence of a design solution with uniformly mag¬ 
netized polyhedrons is based on a condition that relates the 
geometry of the polyhedrons that compose the magnetic 
structure and the uniform remanence J of each polyhedron . 7 
A uniform field is found in each polyhedron if and only if at 


each point common to n interfaces between polyhedrons the 
remanences and the orientations of the interfaces satisfy the 
condition 

n 

S r A -%X(J A _ 1 -J fc )=0, (3) 

A= I 


where rj h is a unit vector perpendicular to the /ith interface 
between polyhedrons of remanences 3h-\> J/, » oriented from 
the medium of remanence J ft _, to the medium of remanence 
J h , and T h is a unit vector in the plane of the /ith interface, 
perpendicular to the line common to the n interfaces and 
pointing away from the ftth interface. 

The magnetic structures that satisfy condition (3) can be 
classified in several categories characterized by different 
properties', yoked magnets where the flux of the induction 
generated by the magnet closes through an external yoke of 
high permeability material, yokeless magnets where the flux 
is confined within the same structure of the magnetic mate¬ 
rial without the need of an external yoke, and hybrid magnets 
combining both yoked and yokeless structures that optimize 
the magnet efficiency for a particular geometry and field in¬ 
tensity within the magnet cavity. 

A fourth category includes magnets that take full advan¬ 
tage of linear demagnetization characteristics with small val¬ 
ues of the magnetic susceptibility. In the ideal limit of zero 
susceptibility, the magnetic material is perfectly transparent 
to the field generated by other sources. Thus the field within 
the region of interest can be increased by superimposing the 
field generated by independent magnets. In the particular 
case of yokeless magnets, this is achieved by a multiplicity 
of magnets inserted one inside each other around the region 
of interest. 

An example of yoked magnet is presented in Fig. 3(a), 
which shows a section of a two-dimensional magnet de¬ 
signed to generate a uniform field inside a prismatic cavity of 
rectangular cross section. The heavy line in the schematic of 
Fig. 3(a) represents the external yoke. A characteristic feature 
of such a magnet is the presence of the nonmagnetic regions 
between the blocks of magnetized material. The flux of the 
induction in these regions does not circulate within the cavity 
and is the equivalent of the fringe field in a traditional mag¬ 
net. 

Figure 3(b) shows an example of yokeless magnet that is 
characterized by a combination of an internal structure that 
interfaces with the cavity and an external structure designed 
to confine the field. The magnet of Fig. 3(b) is also designed 
around a prismatic cavity of rectangular cross section. In 
general the basic difference between yoked and yokeless 
structures is that a yokeless magnet requires a larger amount 
of magnetic material to perform the double function of gen¬ 
erating and confining the field. An important property of a 
two-dimensional yokeless magnet is that its geometry is in¬ 
dependent of the orientation of the field within the cavity . 7 

An example of hybrid magnet designed around the same 
cavity of Figs. 3(a) and 3(b) is shown in Fig. 3(c); it com¬ 
bines a yoked component of magnetic material with yokeless 
structures of triangular cross section where the magnetic in¬ 
duction is zero. As a consequence, the total flux of the mag- 
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FIG. 3. Examples of two-dimensional magnets with the same internal pris¬ 
matic cavity: (a) yoked, (b) yokeless, (c) hybrid. 

netic induction flows through the cavity and closes through 
the yoke. In Fig. 3(c) the heavy line that represents the yoke 
can be closed without interfacing with the components of 
triangular cross section and no field is found in the region 
between these components and the yoke. One observes that 
Fig. 2 is another example of hybrid structure. 



FIG. 4. Figure of merit of three magnets with the same cavity geometry. 


If the same magnetic material is used in all the compo¬ 
nents of a magnetic structure designed to generate a uniform 
field intensity H 0 within the cavity, one can define the pa¬ 
rameters 


H 0 J t 

K=vo~r, M=K 2 r^, 

J 0 v m 


where J 0 is the remanence and /jlq is the magnetic permeabil¬ 
ity of a vacuum. M is the figure of merit of the magnet and 
V c , V m are the volumes of the cavity and of the magnetic 
material, respectively. Figure 4 shows the plotting of the fig¬ 
ure of merit of the three magnetic structures of Fig. 3 versus 
K for the dimensions of the cavity cross section 2x 0 =4y 0 . 
The hybrid structure exhibits the highest value of M, and the 
yokeless the lowest. M attains its maximum in the range 
0.5<K<0.6 for the three magnets, and it decreases to zero as 
the field within the cavity approaches the value of the rema¬ 
nence. This is due to the fact that as the field increases, the 
outside layer of magnetic material becomes less and less ef¬ 
ficient in contributing to the field within the cavity. 

By virtue of Eqs. (4) and Fig. 4, the volume of the mag¬ 
netic material diverges at K=\, and, as a consequence, the 
structures of Fig. 3 cannot generate a field equal or larger 
than the remanence. The upper limit K=\ is removed by 
multilayer structures, like the schematic of Fig. 5 which 
shows a number m of concentric yokeless magnets around a 
regular polygonal cavity of n sides. If m is the number of 
layers, the values of K and M of the structure of Fig. 5 are 


K=m\ 1 - cos- 


cos ~ m {TT/n)-l 


Even if a structure like Fig. 5 makes it possible to gen¬ 
erate values K>1, the optimum design condition is achieved 
for large values of n and a large number of layers at 0.8 
and M =0.16. An example of multilayer structure is the two 
layer, two-dimensional magnet with a square cross-section 
cavity shown in Fig. 6 where the internal layer generates a 
field corresponding to K= 0.51. The total value of K of this 
magnet is K=0.79 and its figure of merit is A/=0.13. 

The optimum design of a multilayered magnet is a struc¬ 
ture of hybrid layers that combines materials with different 
remanences. Specifically, the figure of merit attains its maxi¬ 
mum in multilayered structures where the highest value of 
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the remanence is used for the internal layer and the rema- 
nence of the other layers decrease with the distance of each 
layer from the cavity. The absolute maximum value of the 
figure of merit is 0.25 regardless of geometry and distribu¬ 
tion of magnetization. 11 

III. OPEN MAGNETS 

A magnet cavity has to be closed to achieve a perfectly 
uniform field. In practice a magnet must be open to access 
the region of interest. For instance, a magnet may be a sec¬ 
tion of length 2 z 0 of one of the structures illustrated in Fig. 3 
open at both ends. The distortion of the field due to the 
opening reduces the region of the cavity where an acceptable 
degree of uniformity is found. In applications requiring a 
moderate field uniformity a simple solution is the choice of a 
sufficiently large dimension 2z 0 , of the order of several times 
the dimension of the region of interest. However, in applica¬ 
tions like NMR imaging in medicine, where the uniformity 
has to be of the order or better than 10 -5 , this approach 



would lead to extremely large values of 2z 0 . In this case, the 
compensation of the field distortion becomes the most criti¬ 
cal problem that faces the designer in order to keep magnet 
dimensions and cost within practical limits. 

The field distortion results not only from the opening of 
the magnet cavity but also from the fabrication tolerances, 
and in particular from the magnetization tolerance of the 
magnetic materials. The magnitude of the remanence may 
vary by a few percent and the orientation of the remanence 
may vary by a few degrees. While the effects of the magnet 
opening may be corrected in the design phase, the compen¬ 
sation of fabrication and magnetization tolerances must be 
accomplished in the shimming of the assembled magnet. 
However, the same logic followed in the design phase can be 
applied to derive the shimming procedure from the field 
measurements in the assembled magnet. 

Because of the quasilinearity of the magnetized material, 
the compensation of the field distortion in the design phase 
can be accomplished by designing a compensating structure 
to be added to the main structure of the magnet. A number of 
solutions can be adopted involving magnetic materials as 
well as ferromagnetic components. 7 The quantitative deriva¬ 
tion of these solutions can be obtained by expressing the 
field distortion in terms of the spectrum of its spatial har¬ 
monics. Consider the type of magnets where the interface 
between cavity and magnetic material includes two parallel 
planes perpendicular to the magnetic field in the cavity. The 
region of the expansion in the spatial harmonics can be a 
cylinder of radius r 0 containing the region of interest, with 
its axis parallel to the field, and closed by two thin plates of 
high magnetic permeability material inserted at the two in¬ 
terfaces perpendicular to the field as indicated in the sche¬ 
matic of Fig. 7. The plates must be sufficiently thin in order 
not to affect the figure of merit of the magnet. 

The two plates in Fig. 7 act as magnetic mirrors of the 
field inside the cavity and at the same time they are an ef¬ 
fective filter of the high spatial frequency components of the 
field distortion generated by the magnetization tolerances. 12 
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Within the region of the cylinder between the plates, the 
scalar potential of the field is 


<*>=3>of+ 2 h 

y 0 m.n 



X (^m,n COS nup+b m , n 


sin mip) sin| 



( 6 ) 


where <t> 0 is a constant; r, if/, y are the cylindrical coordi¬ 
nates, a m n , b m n are the amplitudes of the harmonics, and I m 
is the modified Bessel function 


(7) 

If H 0 is the uniform field intensity within the magnet cavity, 
the quantity 

^-%+n 0 ( 8 ) 
yo 

represents the loss of the field intensity within the region of 
interest. Usually this loss can be tolerated and the compen¬ 
sation procedure can be confined to the correction of the 
nonuniformity expressed by the summation on the right-hand 
side of Eq. (6). As a consequence the amount of magnetic 
material necessary to perform the compensation reduces to 
only a fraction of the total material of the magnet. 


IV. COMPENSATION OF FIELD DISTORTION 

Once the distortion of the field is defined by its spec¬ 
trum, the compensation can be performed by means of a 
filter structure located outside the cylindrical surface; this is 
designed to eliminate the dominant harmonics a„, „, b mn up 
to the point where the residue of the harmonics expansion is 
within an acceptable value. An essential part of the filter is a 
structure that allows the control of the potential of the sur¬ 
face of the two high permeability plates in Fig. 7 outside the 
cylindrical region selected for the expansion. This is accom¬ 
plished in each plate by means of elements of magnetized 
material sandwiched between the main body of the plate and 
a number of magnetically insulated high permeability plates 
that interface with the cavity. 13 If the dimensions of the in¬ 
sulated plates are large compared to the thickness of the 
sandwiches, the scalar potential of each insulated plate rela¬ 
tive to the main plate is a linear function of the amount of 
magnetic material magnetized in the direction perpendicular 
to the plate and is independent of the position of the material 
in the space between the insulated plate and the main plate. 
Consequently, the effect of each sandwich on the field within 
the cavity is controlled by the mechanical precision of fabri¬ 
cation of the plates and by the amount of material of each 
sandwich. This structure leads itself to a mechanical tuning 
of the filter both in the construction of the magnet as well as 
in its final shimming. 

A schematic of filter structures inserted in each plate is 
shown in Fig. 8 where individual elements of the filter struc¬ 
ture are arranged on a circular pattern. The distribution of 
potential of the elements of the filter is computed to generate 
harmonics equal in amplitude and opposite sign of the har¬ 



FIG. 8. Schematic of filter composed of eight elements inserted in each high 
permeability plate. 


monies of order m of the spectrum of the field of the magnet. 
Thus the maximum value of m of the harmonics to be com¬ 
pensated determines the minimum number of the elements of 
the filter. The potential of each element determines the 
amount and magnetization of the material to be inserted in 
the element. Because of the linearity of the relationship be¬ 
tween potential of each element of the filter and its filling, 
the compensation of the distortion is achieved by the addi¬ 
tion of the amount of material required by each harmonic. 

The elements of the filter on the plate of Fig. 8 alone are 
one part of the entire filter designed to compensate any har¬ 
monic of indices m,n. To generate a spectrum containing a 
specified number of n harmonics, the filter structure must 
contain also elements distributed in a number of additional 
rings on the main plates as well as in the region between the 
plates. Obviously the complete filter structure cannot inter¬ 
fere with the access to the region of interest. Therefore the 
filter elements distributed between the plates must occupy 
only a part of the full circle, as indicated in the schematic of 
Fig. 9, which shows filter elements located on the y=0 
plane. 

A typical spectrum of the harmonics of the field distor¬ 
tion is shown in Table I which corresponds to a rectangular 



FIG y Filter structure with elements distributed on the \ -U plane 
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TABLE I. Typical spectrum of harmonics in a yoked magnet. 


m n a m „ rnra m „I m (niTr/y Q ) 
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2 

2 

~10‘ 7 

~10' 6 

4 
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4.2 X 10“ 4 

1.0 X 10" 

4 

2 

~10' 6 

~KT 3 


prismatic cavity open on opposite sides, with cavity dimen¬ 
sions 2z 0 =2* 0 =4y 0 . The values of the amplitude of the har¬ 
monics listed in Table I correspond to a yoked structure de¬ 
signed for £=0.5 with the two main plates inserted in the 
cavity. Because of symmetry, all amplitudes b m n are zero 
and the spectrum reduces to the harmonics of even order m. 
If the required degree of uniformity is such that harmonics 
with values a m n < 10~ 6 can be disregarded, only harmonics 
of order « = 1 , with the exception of the harmonics (;n= 0 , 
«= 2), (m= 4, n= 2), constitute the spectrum that must be 
compensated. Thus in this particular case, the filter structure 
can be implemented following the schematic of Fig. 9. Table 
II lists the values of the three elements numbered in the 
schematic of the filter structure shown in Fig. 8 that cancel 
the harmonics (m =0, n = 1), (m=2, n = 1), (ni =4, n = 1). By 
symmetry, the potential of the other elements are 

<5d>g= $<I>g= 4 = <5$ 2 j 

<5<I>5 = , <?4> 7 = 8<f> 3 . (9) 

The filter structure based on the control of the potential 
of the filter elements by means of magnetic material is the 
active equivalent of the passive pole pieces of traditional 
magnets whose geometry is designed to achieve the desired 
field configuration. The ability to control the amount of ma¬ 
terial inside each element of the filter structure extends the 


TABLE II. Potential of the filter elements relative to the main plate. 


<?4> 1 /<h 0 

s < i*y t t> 0 


0.17 

0.0016 

-0.064 


use of the filter to the correction of the effects of magnetic 
and fabrication tolerances. The final shimming of a magnet 
can be performed by extracting the harmonics from the mea¬ 
surement of the field in the fully assembled magnet and by 
correcting the potential of each element of the filter either by 
inserting additional magnetic material or by changing the 
orientation of the material inside each element. 

V. CONCLUDING REMARKS 

The new design approaches are already being adopted 
for the commercial development of permanent magnets and 
the application of permanent magnet technology to the field 
of medical imaging is expanding. In the low-field range, a 
remarkably compact 0.2 T ferrite magnet has been success¬ 
fully development by Esaote Biomedica of Italy. In the me¬ 
dium field range, Sumitomo Special Metals of Japan, which 
has pioneered the use of permanent magnets in medical im¬ 
aging, has recently developed a powerful 0.45 T Nd.Fe.B 
magnet designed for whole body imaging. 

As new higher-energy product materials are being 
developed , 14 smaller and more efficient magnetic structures 
can be designed. With an expanding range of applications, 
the cost of these new materials is bound to decline steadily, 
and as the cost per unit energy decreases, more powerful 
magnets are becoming a viable solution in large scale appli¬ 
cations requiring field energies of the order of 10 s J/m 3 or 
larger. 
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Fabrication of multipolar magnetic field sources 

H. A. Leupold and G. F. McLane 

U. S. Army Research Laboratory, Fort Monmouth, New Jersey 07703 

The emergence of high-energy-product permanent magnets has made possible the generation of 
extraordinarily high magnetic fields in the internal working spaces of relatively small structures. The 
widespread use of such structures has been hampered by the variety and complexity of their 
magnetic components and the concomitant difficulty and expense of manufacture. This paper 
describes approaches to fabrication and assembly that should significantly ease both fabricational 
and economic problems. Examples of these approaches are given for the production of cylindrical 
multipolar sources (magic rings, quadrupolar electron beam guides) and spherical dipolar sources 
(magic spheres). 


I. INTRODUCTION 

The high-energy-product permanent magnet materials 
afford shell-like structures that produce in their internal 
chambers fields that are much higher than those obtainable 
from the conventional structures that can be made of the 
older materials such as the alnicos. Unfortunately for many 
such structures the required distributions of the magnetiza¬ 
tion are complex and require components with many differ¬ 
ent magnetic orientations. This augments the difficulty and 
expense of the manufacture. 

Two particularly useful configurations are the so-called 
magic rings (really cylindrical shells) and magic spheres. 1,2 
In the cylinder, the magnetization is uniform in magnitude, 
has no z component, and varies in direction y with the azi¬ 
muthal angle as y-2<j) [see Fig. 1(a)]. If a circular section of 
such a cylinder is rotated about its polar axis, its locus forms 
a spherical shell or magic sphere like that shown in Fig. 1(b). 

The cylinders and spheres produce in their internal 
chambers uniform fields of H c = B r In (r 0 /r,) and 
// J =(4/3)B r lm/ 0 /r ( ), respectively. Here B r , r 0 , r , are the 
magnetic remanence and outer and inner radius, respectively. 
These formulas show that fields of any magnitude are pos¬ 
sible for either structure if the ratio rjr l is made large 
enough. However, the field’s logarithmic dependence on 
outer radius results in prohibitive bulks for fields much in 
excess of 20 kOe in the cylinder and about 27 kOe for the 
sphere. Within these limits, however, performance is quite 
impressive. A sphere of 8 cm diameter produces 20 kOe in a 
cavity of 2.5 cm diameter with a material of B r equal to 
12 kG. 

II. ASSEMBLY OF A MAGIC RING 

In practice the continuous magnetic structure of rings 
and spheres is approximated by an array of segments each of 
uniform magnetization within its boundaries which changes 
abruptly upon passage to a neighboring segment (Fig. 1). 
Therefore many different orientations are needed in the 
magic ring and, it would seem, many different operations to 
produce them. These operations can be reduced to one by the 
following considerations. 

If a cylindrical tube is aligned and uniformly magnetized 
perpendicularly to its principal axis one notes that every pos¬ 
sible orientation of the magnetization relative to the local 
radius is represented. Therefore, only a simple rearrangement 
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of cylindrical segments is needed to form the desired magic 
ring [Fig. 2(a)]. 3 Alternatively each segment can be rotated 
180° about its local radius to obtain the same results [Fig. 
2(b)], Either procedure obviates the necessity of multiple 
magnetizations on many different cylindrical segments. 

III. MULTIPOLAR RINGS 

A similar procedure may be used to form rings and cyl¬ 
inders of higher order polarity. Of these probably the most 
useful is the quadrupole, which is extensively employed in 
the focusing of charged particle beams. 1 A typical arrange¬ 
ment is that of Fig. 3 which shows that the magnetic orien¬ 
tation goes as y=Acj). Because the orientation changes twice 
as fast with 4> as in the dipolar structure, it follows that the 
orientation increment between adjacent segments of given 
size is twice as great while twice as many segments of a 
given orientation are needed. For example, the initial uni¬ 
form magnetization of a cylinder yields only one radially 
oriented segment that points inward while for a quadrupole, 
two such are needed. This problem can be solved by the 
magnetization of two cylinders and then the procedure of 
Fig. 4 to form two slightly different segmented approxima¬ 
tions to ideal quadrupolar cylinders. 





FIG 1 Permanent magnet structures with segmented approximations (A) 
magic ring, (B) magic sphere 

6253 


I 




FIG. 2. Assembly of a magic ring by (A) rearrangement of segments after 
uniform magnetization, (B) rotation of segments about local axes after mag¬ 
netization. 

Alternatively a ring could be segmented before magne¬ 
tization with every other piece elevated above the original 
stack, revolved 2iT/n about the original axis and stacked as 
shown in Fig. 5. The stack would then be uniformly magne¬ 
tized with the correct number of each type of required seg¬ 
ment. After a tt rotation of each segment about its local 
radius and an angular contraction of the gapped stack into a 
half cylinder with two identical semidisc layers, the said lay¬ 
ers are appropriately joined at their equatorial planes as il¬ 
lustrated in Fig. 5. 

Similar procedures are used to form multipolar rings of 
higher order. In general nil stack layers of m/n segments 
each are ustd, where it is the desired multipolar order and m 
is the total number of segments needed to attain the required 
structural fineness. 



FIG 4 formation of two quadrupolc sources from two dipole sources (A) 
Start with two dipolar structures. (B) Separate every other segment from 
adjacent segments to form two new structures for each original structure 
(C) Compress structures B in direction of circular arrows to form structures 
C. (D) Assemble structures C to form structures D 


IV. MAGIC SPHERES 

A magic sphere is made from magic ring slices that have 
been beveled to form the melon-slice shapes of Fig. 6. These 
are then assembled, tangerine-like, into the required magic 
sphere. Unfortunately this involves the possible, but incon¬ 
venient, step of machining a magnetized ring. Unfortunately 
the uniform magnetization of a spherical segment and its 
subsequent rotation about the local radius does not wGrk with 



FIG 3 t yliudrical quadrupolar cross section 





FIG 5 Conversion of an unmagnetized ring into a quadrupolar ring. 



FIG 6 Fabrication of a magic sphere by a beveling of magic rings 
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FIG 7. Manufacture or a magic sphere without the machining of magne¬ 
tized segments (A' rotation of segments, (B) magnetic field applied, (C) 
rotation of segments back to inmal positions. 

the sphere as with the ring. The lengths of the areas that 
subtend the width of a segment on the spherical surface de¬ 
pend on the polar angle. This results in a mismatch when the 
required rotation about the local radius leaves the shorter arc 


where the larger should be and vice versa. This difficulty can 
be avoided by a rotation of the segment prior to magnetiza¬ 
tion as in Fig. 7. After magnetization the segments are ro¬ 
tated back into their initial positions with the correct mag¬ 
netic orientations. 

V. SUMMARY 

Multipolar cylinders and dipolar spheres can all be mag¬ 
netically oriented in a single uniform magnetization. In the 
case of the sphere this can be done either before or after the 
necessary machining. The machining for the sphere can be 
minimized to a single bevelling operation on magic ring seg¬ 
ments instead of the cutting of many compound angles on a 
multiplicity of different spherical segments. 

1 K. Halbach, Proceedings of the 8th International Workshop on Rare-Earth 
Cobalt Magnets, University of Dayton, Dayton, OH, 1985, p. 123 

2 H. A. Leupold and E. Potcnziam, IEEE Trans. Magn. MAG-23, 3628 
(1987). 

J H A Leupold, Mater Res Soc Symp Proc. 96, 279 (1987). 
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Kinetic studies on solid-HDDR processes in Nd-Fe-B-type alloys 

O. Gutflsisch, M. Verdier, and I. R. Harris 

School of Metallurgy and Materials Science, University of Birmingham, Birmingham B15 2TT, 

United Kingdom 

The kinetics of solid-HDDR (hydrogenation, disproportionation, desorption, recombination) 
processing of Nd-Fe-B-type alloys have been characterized by means of in situ electrical resistivity 
measurements and hydrogen absorption and desorption studies on nondecrepitated samples. The 
fundamental differences in reaction rate and mechanism between a Nd 16 Fe 76 B 8 as-cast and a 
homogenized stoichiometric Nd 2 Fe !4 B alloy at T =800 °C and p(H 2 )=0.7 bar are reported. The 
disproportionation and recombination rates were found to be significantly lower in the 
stoichiometric alloy, particularly in the case of the latter. The onset of the disproportionation and 
recombination reaction in Nd 16 Fe 76 B 8 in a temperature range of 7=780-880 °C under hydrogen 
atmosphere was investigated and these reactions were found to depend critically on the pressure. 
Low-temperature recombination at 7= 620 °C was studied by the development of the Curie-point 
resistance anomaly of the Nd 2 Fe 14 B matrix phase. It has been shown that the amount of reformed 
Nd 2 Fe 14 B matrix phase during recombination can be monitored by this method. 


I. INTRODUCTION 

The hydrogenation, disproportionation, desorption, re¬ 
combination (HDDR) process has been reported as a method 
of producing highly coercive Nd-Fe-B-based powder via a 
hydrogen-induced structural change; this powder can be used 
for the production of Nd-Fe-B-type hot pressed and bonded 
magnets (see, for example, Refs. 1 and 2). Heating under a 
hydrogen atmosphere results in the decrepitation of the ingot 
which is described as the HD process. 3 The disproportion¬ 
ation reaction occurs at elevated temperatures and results in 
the formation of an intimate mixture of a-Fe, Nd-hydride, 
and Fe 2 B. On desorbing the hydrogen, the different constitu¬ 
ents recombine to form the thermodynamically stable 
Nd 2 Fe )4 B phase. The main microstructural feature of the 
HDDR process is the conversion of the coarse grained 
Nd 2 Fe 14 B phase into a material with submicron grain size. 

The kinetics of the disproportionation and recombination 
reactions, which depend on alloy composition, initial micro¬ 
structure, temperature, and hydrogen pressure, can be moni¬ 
tored by means of in situ electrical resistivity measurements 
of the nondecrepitated material by introducing the hydrogen 
at elevated temperatures (7~800 °C). 4,5 This type of reaction 
can be referred to as solid-HDDR. 6 In this article it is re¬ 
ported how in situ electrical resistivity measurements during 
solid-HDDR processing can be employed to study the differ¬ 
ences in kinetics and reaction mechanisms in Nd-Fe-B-type 
alloys with and without the presence of Nd-rich grain bound¬ 
ary material. Other factors such as hydrogen pressure and the 
absence of grain boundary melting are also examined. 

II. EXPERIMENT 

The in situ electrical resistivity measurement employed 
is based on the standard four-probe method and can be used 
up to 1000 °C under vacuum or hydrogen atmosphere. De¬ 
tailed procedures have been given elsewhere. 5 Materials un¬ 
der investigation were as-cast Nd 16 Fe 76 B 8 and stoichiometric 
Nd 2 Fe 14 B alloy which was homogenized at 1060 °C for 264 
h under vacuum. 7 After homogenization, a small area frac¬ 
tion of -2% free Fe dendrites was found to be present in the 


material. The microstructure of the Nd 16 Fe 76 B 8 alloy is typi¬ 
cal of “Neomax”-type alloys with this composition, 8 
whereas the stoichiometric alloy is virtually free of Nd-rich 
phase. 

The overall HDDR kinetics of the two alloys were in¬ 
vestigated at 7= 800 °C and p(H 2 )=0.7 bar. The electrical 
resistivity and hydrogen absorption and desorption pressures 
were recorded in order to monitor the disproportionation and 
recombination reactions. In addition, a fully disproportion- 
ated Nd 16 Fe 76 B 8 alloy was heated from 700 to 1000 °C under 
various hydrogen pressures to provide funher information 
about the contributions of the different constituents in the 
disproportionated mixture to the overall electrical resistivity. 
In order to investigate the onset of the disproportionation and 
recombination reactions of a Nd lh Fe 76 B 8 alloy under hydro¬ 
gen, the pressure was varied at different isotherms between 
7=780 and 880 °C. The resistivity of Nd 2 Fe 14 BH r or 
NdH~2, a-Fe, and Fe 2 B as a function of hydrogen content 
was recorded. Rapid changes in resistivity were interpreted 
as the onset of the disproportionation or recombination 
reactions. 4 ’ 5 Controlled recombination at 7=620 °C was 
achieved by monitoring the hydrogen desorption behavior 
and the development of the Curie-point resistance anomaly 
of the reformed Nd 2 Fe 14 B matrix phase. At this temperature, 
the desorption of the hydrided Nd-rich grain boundary phase 
is avoided and hence melting of the grain boundary material 
is also avoided. The observed changes in resistivity will be 
derived entirely from transformations within the matrix 
phase. The disproportionated material was then cooled under 
hydrogen to room temperature and reheated to 7 = 620 °C 
under vacuum to desorb for 2 h and cooled again, this cycle 
was repeated until the material was fully recombined. 

III. RESULTS AND DISCUSSIONS 

A. Comparison of HDDR kinetics between a Nd-rich 
and a stoichiometric alloy 

A schematic diagram for a complete HDDR experiment 
monitored by measuring the electrical resistivity has been 
reported previously. 5 Resistivity, hydrogen absorption and 
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FIG. 1. Isothermal part of the electrical resistivity vs time monitoring the 
S-HDDR process at 7'=800°C and />(H 2 )=0.7 bar for an as-cast 
Nd, 6 Fe 76 B g (solid line) and a stoichiometric Nd 2 Fe 14 B alloy (dashed line); 
hydrogen introduction at r=0 min and vacuum at r=75 min. Inset shows the 
initial variations in more detail. 


desorption pressures, and temperature are recorded. During 
heating and cooling the magnetic and phase transitions are 
delineated. The rapid decrease in resistivity after the intro¬ 
duction of hydrogen at elevated temperatures corresponds to 
the disproportionation process and can be attributed mainly 
to the formation of free iron. Another contribution arises 
from the formation of the Nd-hydride. On evacuating the 
system, the NdH 2± * phase desorbs and the sudden decrease 
in resistivity can be attributed to the dissociation of Nd- 
hydride into Nd which subsequently recombines with the 
other constituents resulting in an increase in resistivity. 

Figure 1 shows the isothermal part of the electrical re¬ 
sistivity versus time, which delineates the S-HDDR process 
at 7=800 °C and /j(H 2 )=0.7 bar for the Nd 16 Fe 75 B 8 as-cast 
and the stoicl iometric Nd 2 Fe 14 B alloy. It can be seen that the 
disproportionation and recombination reaction rates are 
higher for the Nd 16 Fe 76 B 8 alloy. Shortly after the introduc¬ 
tion of hydrogen a small maximum (see inset in Fig. 1) in the 
resistivity curve of the Nd 16 Fe 76 B 8 alloy can be observed, 
and this can be related to the rapid hydrogenation of the 
Nd-rich grain boundary resulting in the formation of 
NdH 2± ,. Further studies, which will be published elsewhere, 
have shown that the hydrogenation of the grain boundary 
phase results in the solidification of this phase, which has its 
melting point at 7=650 °C. 8 For the stoichiometric alloy no 
such maximum is observed, consistent with the absence of 
the Nd-rich grain boundary phase in this alloy. Microstruc- 
tural characterization 6 has shown that the material is fully 
disproportionated when a constant, equilibrium resistivity is 
attained and the same applies for the recombination reaction. 
The resistivity data indicate that the Nd 16 Fe 76 B 8 alloy is fully 
disproportionated after 19±2 min of exposure to hydrogen at 
/?(H 2 )=0.7 bar and fully recombined after 20±2 min of de¬ 
sorption at 7'=800 °C. The corresponding times for the stoi¬ 
chiometric Nd 2 Fe 14 B alloy are 29±2 and 71 ±2 min, respec¬ 
tively (for identical sample thicknesses of r=0.8 mm). Thus, 
both reactions are much slower for the stoichiometric alloy. 
These changes in resistivity correspond to the hydrogen ab¬ 
sorption and desorption pressure behaviors shown in Fig. 2. 
The slightly smaller quantity of hydrogen absorbed in the 



time (min) 

FIG. 2. Hydrogen absorption and desorption behavior during disproportion¬ 
ation and recombination of a Nd 16 Fe 76 B 8 as-cast (solid line) and a stoichio¬ 
metric Nd 2 Fe 14 B alloy (dashed line) at T -800 °C and p(H 2 )=0.7 bar. 

stoichiometric Nd 2 Fe 14 B alloy can be attributed to the ab¬ 
sence of Nd-rich phase in this material. 10 

These studies could indicate that the I s ..cn grain 
boundary phase has a significant influence on the kinetics of 
the HDDR reactions. It was reported earlier 6 that the hydro¬ 
gen diffuses either in the hydrided Nd-rich phase or at the 
interface between this phase and the matrix phase. It was 
shown 6 that the disproportionation reaction begins at the 
Nd-rich/Nd 2 Fe 14 B boundaries and proceeds towards the cen¬ 
ter of the original grains. For the stoichiometric Nd 2 Fe 14 B 
alloy no such fast transport paths exist, which could explain 
the lower reaction rates in this material. A reverse mecha¬ 
nism can be assumed for the desorption of hydrogen during 
the recombination reaction. However, it is interesting to note 
that, in particular, the latter process is much slower in the 
Nd 2 Fe )4 B alioy, which could indicate that the Nd-rich grain 
boundary phase plays an additional role in the recombination 
process. 

B. Onset of disproportionation and recombination in 
as-cast Nd 16 Fe 7 S B 8 

Figure 3 shows the electrical resistivity and the hydrogen 
desorption behavior of a disproportionated NdII_ 2 , a- Fe, 
Fe 2 B mixture between T =750 and 1000 °C under an initial 
pressure of /j(H 2 )=35 mbar. The measurements revealed the 
Curie-point resistance anomaly of a-Fe at 7'=770±5 °C and 
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FIG. 3 Electrical resistivity and hydrogen desorption behavior between 
r=750 and 1000 °C under an initial pressure of p(H 2 )=35 mbar of a dis¬ 
proportionated NdH_ 2 , a-Fe, Fe : B mixture 
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FIG. 4. Ratio of [p(D-p(250 °C)J/[p<400 °C)-p(250 °C)] vs temperature 
monitoring the development of the Curie point of an as-cast Nd, 6 Fe 76 B 8 
alloy for different stages of recombination at T =620 °C. 

a major desorption at 7=810±5 °C causing another change 
in slope in the resistivity curve. This event can be interpreted 
as recombination under a hydrogen atmosphere. It was ob¬ 
served that, the higher the pressure, the higher the tempera¬ 
ture for the desorption event. The pressure changes at higher 
temperatures can be attributed to the desorption of the Nd- 
rich grain boundary phase (to be published) and this corre¬ 
sponds with a fall in the resistivity. 

Starting from a recombmed material, the hydrogen pres¬ 
sure was increased step by step and the “equilibrium” resis¬ 
tivity was measured at different isotherms. It was found that, 
at 7=880 °C, for example, the 2-14-1-hydride shows a 
Sieverts’-type behavior before the sharp onset of the dispro¬ 
portionation reaction at /;(H 2 )=0.46 bar. These studies indi¬ 
cate that the start of the disproportionation and recombina¬ 
tion reactions depend critically on the stability of NdH 2 , 
which is determined by hydrogen pressure and processing 
temperature. A hysteresis effect 11 for the NdH 2 was found as 
the data for the onset of disproportionation and recombina¬ 
tion were derived from absorption and desorption isotherms, 
respectively. These results are in agreement with work by 
Takeshita and Nakayama, 1 ' who reported, on the basis of 
x-ray diffraction measurements, that the disproportionated 
mixture will recombine above 1000 °C under a hydrogen 
pressure of 1 bar. 

C. Low-temperature recombination in as-cast 
Ndi 6 Fe 7 6B 8 

At conventional HDDR-processing temperatures (750- 
850 °C) it can be assumed that the Nd-rich grain boundary 
phase will remelt after the hydrogen is fully desorbed, 
whereas at T =620 °C the microstructural changes will occur 
in a solid-solid reaction as the Nd-rich grain boundary phase 
remains in the solid, hydrided state. Figure 4 shows the de¬ 
velopment of the Curie-point anomaly by evaluating the re¬ 
sistivity data during the heating stage of the cycling proce¬ 
dure described in part II. The ratio [p(7)-p(250 °C)J/ 
[p(400 °C)-p(250 °C)] is plotted over the temperature range 
of 7=250-400 °C. At 7=620 °C, the different stages during 
recombination can be monitored and the amount of reformed 
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Nd 2 Fe 14 B matrix phase can be estimated, because the ob¬ 
served changes are due entirely to transformations in the ma¬ 
trix phase. After 18 h at 7=620 °C, no further changes occur 
and therefore it can be assumed that the material is fully 
recombined. The pattern in the overall resistivity behavior is 
similar to that of a stoichiometric alloy at 7= 800 °C. The 
development of the magnetic properties and the microstruc¬ 
tural changes during the different stages of recombination 
will be reported elsewhere. 13 

IV. CONCLUSIONS 

The fundamental differences in HDDR-reaction kinetics 
and mechanisms between a Nd] 6 Fe 76 B 8 as-cast and a homog¬ 
enized stoichiometric Nd 2 Fe 14 B alloy at 7=800 °C and 
p(H 2 )=0.7 bar have been characterized by means of in situ 
electrical resistivity measurements and hydrogen sorption 
studies on nondecrepitated samples. The absence of the Nd- 
rich grain boundary phase in the stoichiometric alloy causes 
the disproportionation and recombination rates to be signifi¬ 
cantly lower. The Nd-rich phase not only acts as a transport 
path for the hydrogen, but effects in particular the 
desorption/recombination reaction. The onset of the dispro¬ 
portionation and recombination reactions under hydrogen at¬ 
mosphere in a temperature range of 7=780-880 °C depend 
critically on the hydrogen pressure. Desorption at 7 = 620 °C 
revealed the different stages during re-formation of the 
Nd 2 Fe, 4 B matrix phase. At this temperature the recombina¬ 
tion process is a solid-solid reaction. 
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Study of desorbed hydrogen-decrepitated anisotropic Nd-Fe-B powder 
using x-ray diffraction 
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The intrinsic magnetic coercivity (H a ) of Nd-Fe-B-based permanent magnet material is profoundly 
affected by hydrogen absorbed during the hydrogen decrepitation (HD) process for producing 
anisotropic powders from bulk anisotropic hot-deformed MAGNEQUENCH (MQ) magnets. 
Hydrogen (H) content and x-ray diffraction measurements clarify the effects of H and desorption 
temperature ( T d ) on the intrinsic magnetic anisotropy (IMA) of the Nd 2 Fe 14 B-type phase and the 
nature of the intergranular phases, both of which are crucial for high H CI . The Nd-rich intergranular 
phase disproportionates during HD, initially forming a microcrystalline Nd-hydride phase, possibly 
Nd 2 H 5 . For T d ^220 °C, H remains in the Nd 2 Fe 14 B-type phase, severely degrading the IMA, which 
causes a low H a . For 220 °C^T d ^250 °C, enough H desorbs from the Nd 2 Fe 14 B-type phase and 
the IMA recovers its large prehydrided value, and the microstructure supports a high // C] =£10 kOe 
in spite of the H disproportionated intergranular phase. Only for T d >250 °C is H a degraded by the 
microstructure, corresponding to further H desorption and the microcrystalline Nd-hydride phase 
becoming welbcryst; Uized NdH 2 . The NdH 2 phase decomposes with continued H desorption and at 
T d >580 °C recombines to re-form the Nd-rich intergranular phase of prehydrided MQ material. H 
is completely desorbed above 580 °C and H a > 11 kOe, nearly that of the prehydrided MQ magnets. 


Anisotropic permanent magnet powder is of consider¬ 
able importance in high performance bonded magnet produc¬ 
tion. The Nd 2 Fe 14 B-type phase 1,2 of Nd-Fe-B-based magnets 
has a very large intrinsic magnetic anisotropy 3 (IMA) that 
orients the magnetic moments uniaxially in the tetragonal 
lattice, and such magnets potentially have a very large bulk 
magnetic anisotropy. Melt-spun Nd-Fe-B ribbons are easily 
crushed into powder and used in bonded magnets directly but 
are nearly isotropic, consisting of randomly oriented 
crystallites. 4,5 Hot-pressing ribbons followed by hot- 
deformation results in substantial crystallite alignment 67 
without degrading the high intrinsic magnetic coercivity 
(7/ cl ), yielding highly anisotropic permanent magnets. Fabri¬ 
cation of hot-deformed magnets with specific shapes and 
alignment directions while achieving grain alignment 
throughout, however, is difficult. Powders produced from 
hot-deformed Nd-Fe-B-based magnets remain anisotropic, 
and bonded magnets using such powder can be made highly 
anisotropic by aligning the powder grains in an applied mag¬ 
netic field during the bonding process. 8 - 15 

Powders of Nd-Fe-B-based material can be mechanically 
ground, 8 -' 1 a difficult process 15 that degrades H CI of the 
smallest powder grains, 12 and the magnetic properties of the 
powder are not consistent from lot to lot. 1 ” An alternate 
method is hydrogen decrepitation (HD) 13 " 15 where hydrogen 
(H) absorbing interstitially in the Nd 2 Fe u B-type phase 
causes spontaneous pulverization. Incorporation of H into 
the Nd 2 Fe 14 B-type lattice, however, dramatically reduces the 
IMA 17 which in turn greatly degrades H u . Desorption of H 
after HD is therefore necessary to recover high performance 
magnetic properties. In previous work, 18 we studied H de¬ 
sorption and magnetic properties of HD hot-deformed Nd- 
Fe-B-based (MQ3) magnets. In this paper we present chemi¬ 
cal analysis and x-ray diffraction measurements on HD MQ3 


anisotropic powders as a function of desorption temperature 

(T d ). 

The Nd-Fe-B-based material for this study was 
H-containing powder of HD 10 MQ3-E alloy. 20 Direct chemi¬ 
cal analysis 21 yielded the H content in HD MQ3 powder as a 
function of T d . These results along with the curve for H CI , 18 
are shown in Fig. 1 where four T d regions are quite apparent. 
X-ray diffraction spectra, 22 Fig. 2, correspond to the 
Nd 2 Fe )4 B-type major phase plus a few diffraction peaks 
from minor phases. For 7’ ( ,=s240 °C, Figs. 2(a)—2(c), the 
peaks for the Nd 2 Fe 14 B-type phase are slightly broadened 
and shifted to lower angles. The shift is considerably less 
than for the fully hydrided state, Fig. 3(a), but quite evident 
from the position of the (301) peak. A small amount of H 
evidently remains in the Nd 2 Fe 14 B-type phase until 
T d = 240 °C. 



Desorption Temperature (C) 


FIG. 1 Hydrogen content and magnetic coercivity H a vs desorption tem¬ 
perature T d foi HD MQ3 powder Vertical dashed lutes delineate four re¬ 
gions of desorption temperature, vertical arrows indicate H contents greater 
than 0 1 wt %, and solid lines are guides for the eye 
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FIG. 2. X-ray diffraction spectra for HD MQ3 powders desorbed at (a) 
200 °C, (b) 220 X, (c) 240 °C, (d) 250 °C, (e) 280 °C, (f) 350 °C, (g) 
400 °C, (h) 475 °C, (i) 520 °C, (j) 550 °C, (k) 580 °C, (1) 620 X, (m) 
660 X, and (n) 720 X. The vertical line at 36.55° indicates the (301) peak 
of the Nd 2 Fc 14 B-type phase and at 35.2° indicates the (111) peak of NdN. 

The minor phase peaks are obvious from a comparison 
of the observed spectra, Fig. 2, with a calculation for unhy- 
drided Nd 2 Fe 14 B, Fig. 3(b). The peak near 35.2°, which in¬ 
creases in intensity monotonically with T d , is the (111) peak 
of NdN due to a small amount of nitrogen contamination, 
and this has been observed previously in heat-treated Nd-Fe- 
B-based materials. 23 Another minor phase peak occurs near 
32.8°. In the fully hydrided material, Fig. 3(a), the (220) 
peak of the Nd 2 Fe 14 B-type phase shifts from ~33.3° to 
"33.0° and obscures this minor phase peak. In the desorbed 
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FIG 3. X-ray diffraction spectra for (a) fully hydrided HD MQ3 powder 
(not desorbed), (b) the Nd 2 Fe 14 B-type phase (calculation) where (hkl)’ s are 
the Miller indices of the diffraction peaks, and (c) H disproportionated 
Nd^Fe^ • fully hydrided, desorbed at 240 X, and desorbed at 520 °C 
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samples, the 32.8° peak is a broad shoulder and has low 
intensity at low T d values, Figs. 2(a)—2(d). It becomes a true 
peak at 280 °C, Fig. 2(e), grows in intensity and sharpens, 
Figs. 2(f)—2(j), until 580 °C where it disappears, Figs. 2(k)- 
2(n). This dependence on T d of the intensity and shape of 
this mino. phase peak at 32.8° correlates very well with H 
content and H a , Fig. 1. This minor phase peak corresponds 
to a binary Nd-hydride phase and is evidence that H dispro¬ 
portionation during HD occurs for some part of the sample. 

A Nd-rich alloy approximating the intergranular phase in 
MQ materials, Nd 72 Fe 28 , was induction melted and then 
hydrided. 24 The spectra for this alloy after hydriding and 
after desorbing at 240 and 520 °C consist of Nd-hydride and 
iron peaks, confirming H disproportionation of this alloy. 
The Nd-hydride peaks for the fully hydrided Nd 72 Fe 28 phase 
are broad and have low intensity, but as H is removed at 
higher T d , the peaks increase in intensity and move slightly 
to lower diffraction angles, Fig. 3(c). Although the Nd- 
hydride peaks increase their intensity by a factor of —7.5 
compared to the fully hydrided state, the iron peak (not 
shown) remains at a very low intensity, approximately that of 
the peak at —38.1° for fully hydrided Nd 72 Fe 28 H x . H dispro¬ 
portionation of the Nd 2 Fe 14 B-type phase, however, results in 
a very high intensity iron peak. 23 Because iron peaks are not 
observed in the spectra for any of the desorbed samples, we 
conclude the Nd-hydride phase in HD MQ3 desorbed pow¬ 
der is a disproportionation product of the Nd-rich intergranu¬ 
lar phase and not of the Nd 2 Fe 14 B-type phase. 

The coercivity of H CI of MQ3 materials arises from both 
the large IMA of the Nd 2 Fe 14 B-type phase that provides ri¬ 
gidity to the underlying magnetism, and a suitable micro¬ 
structure involving grain boundaries and intergranular phases 
that provide effective pinning sites for magnetic domain 
walls. 25 The independent effects of H on these two condi¬ 
tions for large H a cause the dramatic H a behavior of HD 
MQ3 powder as a function of T d shown in Fig. 1. In the HD 
process 19 the Nd 2 Fe 14 B-type phase and the Nd-rich inter¬ 
granular phase absorb a considerable amount of H. The H 
content can be estimated from the total rare-earth (RE) 
content 20 to be 0.43 wt % for a molar concentration RE:H 
= 1:2 (i.e., corresponding to RE 2 Fe 14 BH x with x=4). Con¬ 
versely, with no H in the Nd 2 Fe I4 B-type phase and assuming 
that the intergranular phase disproportionates into RF,H 2 , the 
H content estimated from the amount of RE exceeding 
RE 2 Fe 14 B stoichiometry in the MQ3 alloy is 0.074 wt %. 
Thus, the measured H content of 0.055 wt %, region II of 
Fig. 1, is consistent with all the H desorbed from the 
Nd 2 Fe 14 B-type phase and the residual H only in the inter¬ 
granular phase. The profound degrading effect of H on H a 
via the IMA of the Nd 2 Fe 14 B-type phase- is therefore limited 
to low T c , region I, and this result agrees with our previous 
conclusions based on first quadrant magnetization data for 
these materials. 26 

The nature of the hydrided intergranular phase also has a 
profound effect on H CI . The intergranular phase H dispropor¬ 
tionates during HD and only degrades H Ci slightly for 
T rf <280 °C, regions I and II. The low H cl in region I is due 
only to the low IMA of the hydrided Nd 2 Fe 14 B-type phase. 

G P. Meisner and V Panchanathan 




The microstructural contribrtion to H a , i.e., strong domain 
wall pinning, remains suitable for high H a although different 
from that of prehydrided MQ3 magnets. Once the IMA of the 
Nd 2 Fe 14 B-type phase has recovered its large value, region II, 
H CI regains a high value of 5=10 kOe. The value of H c ,5=14 
kOe of the prehydrided MQ3 magnet is not quite achieved, 
however, implying that H disproportionated intergranular 
phase microstructure is less effective in domain wall pinning 
than the original MQ3 microstructure. 

Because of the broad Nd-hydride peak at 32.8° in Figs. 2 
and 3(c), it is possible that a H-induced amorphous-like 
phase exists in the intergranular areas below 280 °C, regions 
I and II, or a microcrystalline Nd 2 H 5 -type phase, which is a 
tetragonal superstructure of the face-centered-cubic 
NdH 2 -type phase. Crystallization of the disproportionated in¬ 
tergranular phases occurs above 280 °C, region III, and cor¬ 
responds to H Ci decreasing strongly, some of the residual H 
desorbing, and the shoulder in x-ray diffraction spectra at 
32.8° in Fig. 2 shifting and sharpening into a well-defined 
peak. This behavior is also evident in the diffraction spectra 
of hydrided Nd 72 Fe 28 , Fig. 3(c), as H is desorbed. This result 
suggests a microcrystalline Nd 2 H 5 -type phase decomposes to 
a well-crystallized NdH 2 -type phase, where the lattice con¬ 
stants of Nd 2 H 5 , a =0.54322 nm and c/2=0.5454 nm , 27 are 
slightly smaller than that of NdH 2 , a =0.54678 nm . 28 Even¬ 
tually, sufficient H desorbs at higher temperatures causing 
the NdH 2 -type phase itself to decompose and react with the 
other disproportionated intergranular phases to recombine 
and form the a Nd-rich intergranular phase similar to that of 
the prehydrided MQ3 alloy. This accounts for the gradual 
recovery of H a above 475 °C, Fig. 1, and the correspond¬ 
ingly gradual decrease in H content. Some of the degradation 
of H CI in region III occurs because of annealing effects on the 
microstructure. This has been observed for MQ3 materials 
annealed without H , 29-31 but H seems to cause a much 
greater degradation of H CI . 

Above 580 °C, region IV, NdH 2 diffraction peaks are 
absent, Fig. 2, H is completely desorbed, and H CI is high, 
Fig. 1. Although H c , is higher in region IV than region I, it 
does not return to the prehydrided value of >14 kOe. We 
conclude that H disproportionation desorption and recombi¬ 
nation of the intergranular phase cause a nonrecoverable de¬ 
crease in domain wall pinning strength of the intergranular 
phase relative to prehydrided MQ3 magnets. Also, the NdN 
contamination indicates a nonrecoverable decomposition of 
the Nd-rich intergranular phase has occurred and is presum¬ 
ably detrimental to H a . Finally, the drop in H cl at 800 °C in 
region IV of Fig. 1 is undoubtedly due to the detrimental 
effects of annealing and grain growth on the microstiucture 
of MQ3 material generally. 
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The electrochemical hydrogenation of NdFeB sintered alloys 

Kuo En Chang and Garry W. Warren 
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The absorption of hydrogen by NdFeB alloys in aqueous solution has been investigated using dc 
electrochemical methods and x-ray diffraction. Immersion of the NdFeB alloy in 0.1 M H 2 S0 4 
results in the formation of the Nd 2 Fe 14 BH 2 7 hydride phase as indicated by x-ray diffraction analysis. 
The hydrogen entering the NdFeB lattice is believed to result from the preferential acid dissolution 
or etching of the Nd-rich phase. The hydrogen absorption and desorption behavior of sintered 
NdFeB alloys, (NdDy) 15 Fe 783 AJ 07 B 6 and (NdDy) 15 Fe 67 Co 5 V 4 Al 2 B 7 , have been compared with that 
of a LaNi 5 alloy utilizing an electrochemical technique. LaNi 5 is capable of absorbing extremely 
high quantities of hydrogen as a metal hydride. The level of hydrogen absorbed by the three alloys 
was compared by “charging” electrodes of each alloy in 6 M KOH at a constant cathodic current, 
followed by a constant anodic “discharge” current. An arrest in the resulting potential versus time 
curve during discharge indicates the oxidation of the hydride, i.e., of absorbed hydrogen, formed 
during the cathodic charging process. Results indicate that both NdFeB alloys absorb hydrogen in 
aqueous solution. Similar experiments performed on a set of samples with varying total rare-earth 
(TRE) content showed that the amount of hydrogen absorbed is proportional to TRE content. Anodic 
potentiodynamic polarization after charging shows that the corrosion rate increases as the level of 
absorbed hydrogen increases. 


I. INTRODUCTION 

The magnetic properties of NdFeB and similar alloys are 
significantly affected by the hydrogen absorption of the 
Nd 2 Fe l4 Li phase. 1 " 3 Therefore an understanding of the hy¬ 
drogen absorption behavior of NdFeB materials is important. 
Cast NdFeB alloy can absorb significant amounts of hydro¬ 
gen relatively easily at room temperature even at hydrogen 
pressures as low as 1 bar. 4 The reactive nature of the NdFeB 
alloy with respect to hydrogen has also been attributed to the 
presence of the neodymium-rich phase at the grain bound¬ 
aries, and the amount cf hydrogen absorbed by the NdFeB 
alloys increases with rare-earth content. 5 It has also been 
suggested that the poor corrosion resistance of the sintered 
NdFeB alloys is due, at least in part, to the presence of the 
Nd-rich phase. 6,7 However, until now a correlation between 
hydrogen absorption and corrosion behavior of the sintered 
NdFeB alloys has not been demonstrated. 

The preferential dissolution of the Nd-rich phase in the 
grain boundaries in acidic solutions, due to its lower electro¬ 
chemical potential with respect to the Nd 2 FC| 4 B phase, 7 re¬ 
sults in the simultaneous evolution of hydrogen. Results pre¬ 
sented in this work suggest that part of this hydrogen is 
absorbed by the Nd 2 Fe 14 B matrix, producing a lattice expan¬ 
sion of the Nd 2 Fe 14 B unit cell which can be measured by 
x-ray diffraction analysis. 8 

Hydtogen absorption of similar rare-earth materials, e.g , 
LaNi s , 9,1(1 have been widely examined using an electro¬ 
chemical chaige/discharge technique. The method involves 
the application of a constant (galvanostatic) cathodic current 
resulting in hydrogen evolution, a portion of which forms a 
metal hydride. Stored hydrogen can then be removed by re¬ 
versing the current flow. This reaction can be represented by 
the redox equation 

M + xH 2 0+Ae ” = MHj + xOH", 


where a represents the number of hydrogen atoms absorbed 
by the alloy and MH f is the hydride phase of the alloy. A plot 
of the potential versus time during discharge shows an arrest 
(a region of constant potential) characteristic of materials 
which absorb hydrogen and which represents the oxidation 
of the hydride. The charge passed during this arrest is a mea¬ 
sure of the hydrogen absorbed. 9 " 1 " 

This technique has been used to examine the tendency of 
NdFeB alloys to absorb hydrogen from aqueous solution, to 
compare NdFeB with the known behavior of LaNi 5 , and to 
examine its potential effect on the corrosion behavior of 
NdFeB. Results presented here show that the corrosion 
mechanism of NdFeB must involve hydrogen and that ab¬ 
sorbed hydrogen has a detrimental effect on corrosion resis¬ 
tance. 

II. EXPERIMENTAL MATERIALS AND TECHNIQUES 

Four types of materials were utilized in this investiga¬ 
tion, as follows: (1) (NdDy) 15 Fe 78 3 Al 07 B 6 , in both powder 
and sintered form, subsequently referred to as NdFeB alloy, 
(2) (NdDy)i 5 Fe h7 Co 5 V 4 Al 2 B 7 in both powder and sintered 
form, subsequently referred to as NdFeB-Co-V alloy, (3) cast 
LaNi 5 , containing about 0.14 wt % of a catalyst, and (4) a set 
of four sintered NdFeB alloys, similar to those in (1), but 
with varying total rare-earth (TRE) content (29, 31, 33, and 
37 wt %). All samples were supplied by Rhone Poulenc Ba¬ 
sic Chemicals Co. A Rigaku D/Max-2BX x-ray diffracto¬ 
meter with Cu K a radiation was used for structure determi¬ 
nations of NdFeB powders before and after etching in 0.1 M 
H 2 S0 4 . A Nikon optical mrcroscope with image analysis sys¬ 
tem was used for microstructural observations, dc electro¬ 
chemical techniques were performed using an EG&G model 
273A potentiostat, and a three electrode glass cell. Working 
electrodes were prepared using samples of the sintered or 
cast materials described above. The reference electrode was 
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FIG 1. X-ray diffraction patterns for (NdDy) (5 Fe 7S ,Al n 7 B 6 powders before 
and after etching in 0.1 M H 2 S0 4 


FIG. 2 Galvanostatic chargc/discharge data for NdFeB, NdFcB-Co-V, and 
LaNi 5 alloys in 6 M KOH. 


saturated calomel, and the counterelectrode was ?t. The 6 M 
KOH electrolyte was purged with nitrogen for at least 1 h 
prior to each experiment. The working electrode was pol¬ 
ished to 600 grit, rinsed, dried, immersed in the electrolyte, 
and the open circuit or rest potential allowed to equilibrate 
for at least 1 h. Current densities were obtained by dividing 
measured current by the geometric cross-sectional area. 

ill. RESULTS 

A. Hydrogen absorption from aqueous solution 

Upon immersion of the NdFeB alloy powder (38-53 fim 
diameter) in 0.1 M sulfuric acid solution, gas evolution was 
observed to occur. After filtering, the powders were thor¬ 
oughly rinsed with distilled water, and dried in a dessicator 
for 24 h. Dry powders were then pressed into pellets for 
x-ray diffraction analysis. Figure 1 shows x-ray diffraction 
data of NdFeB alloy powders after immersion in H 2 S0 4 for 1 
and 10 min. For comparison, patterns are also included for 
as-received powder and Nd 2 Fe 14 B. As can be seen, the pat¬ 
terns are similar but show a distinct shift toward smaller 
diffraction angles as etching time increases This shift reveals 
that the overall tetragonal structure of the NdFeB is retained 
but with measurably larger lattice parameters. Lattice con¬ 
stants were calculated from the x-ray data and are presented 
in Table I. Results indicate that the amount of hydrogen ab¬ 
sorbed by the NdFeB powder increases in the first minute, 
rapidly achieving “saturation” and relatively constant a- and 
c-axis lattice parameters. The changes in total volume during 
the etching process for as-received and hydrided NdFeB al¬ 
loys are in good agreement with those reported by 


TABLE I Crystallographic data tor NdfeB alloys and their hydrides. 
Compounds a (A) c (A) V (A 3 ) AF/F (%) 


(NdDy) 15 Fe 78 3 A! 0 7 B 6 

8.80 

12 29 

951 


(NdDy ) 13 Fc 78 3 A1 0 7 B 6 1 1, 

8 94 

12.39 

990 

4,1 

Nd,Fe 14 B(Ref 13) 

8.79 

12 17 

940 


Nd 2 Fc !4 BH 27 (Ref 13) 

8.93 

12 36 

985 

4.8 


Oesterreicher. n Based on these results the hydride phase 
formed after etching in 0.1 M H 2 S0 4 is close to 
Nd 2 Fe 14 BH 27 . 

B. Electrochemical absorption/desorption of 
hydrogen 

The relationship between the charge/discharge process 
for the sintered NdFeB and LaNi 5 alloys was compared using 
the galvanostatic charge/discharge technique. Samples were 
charged for 5 h at a constant cathodic current of -0.5 mA, 
immediately followed within 30 s by the application of a 0.5 
mA constant anodic current until the sample was fully dis¬ 
charged as indicated by an increase in potential to about 0.45 
V. Additional cycles were obtained by repeating the process. 
Experimental results for the first cycle of the NdFeB, 
NdFeB-Co-V, and \aNi 5 alloys are shown in Fig. 2. The 
lengthy arrest in potential of the LaNi 5 alloy at -1.0 V is 
characteristic of the discharge ot stored hydrogen and is the 
basis for the proposed use of this material in metal hydride 
batteries. 14 By comparison, the NdFeB and NdFeB-Co-V al¬ 
loys also s.iow evidence of hydrogen absorption, though to a 
lesser degree than LaNi 5 in this measurement. 

C. Effect of total rare-earth content 

Since previous researchers have shown that hydrogen 
absorption increases with TRE 5 and have suggested a con¬ 
nection between TRE and corrosion resistance, 6 this effect 
has also been investigated. Results of the microstructural ex¬ 
amination and image analysis of a set of samples with vary- 


TABLE 11. The volume traction and the average gram sue of the Nd 2 Fe 14 B 
phase for sintered NdFeB alloys .vith varying TRE. 


TRE 

(wt %) 

TRE 
(at. %) 

Vol. fraction of the 
Nd 2 Fe 14 B phase 

Avg of grain size of 
the Nd 2 Fe 14 B phase 

29 0 

129 

0.83 

25 0±9.5 fim 

310 

140 

0 79 

19.5±5 8 /rnr 

33.0 

15 2 

0.77 

18 5±5 8 y.m 

37.0 

17 5 

0.73 

1J 8±4 8 yum 
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FIG. 3. Potential vs time for sintered NdFeB (29 and 37 wt % TRE) during 
anodic discharge (1 mA) in 6 M KOH with and without prior cathodic 
charging 

ing TRE (29, 31, 33, and 37 wt %) after polishing to 0.05 
/rm and a 10 r etch in 10% nital are given in Table II. As 
expected, the volume fraction of the Nd 2 Fe 14 B phase de¬ 
creases with TRE, corresponding to an increase in the Nd- 
rich grain-boundary phase. 5 A slight decrease in grain size of 
the Nd 2 Fe 14 B matrix with increasing TRE was also observed. 

These samples were also subjected to a charge/discharge 
process. Charging was accomplished with a cathodic current 
of -1.0 mA for 30 min, followed by discharging with an 
anodic current of 1.0 mA. The potential during discharge was 
measured and results are shown in Fig. 3 for sintered NdFeB 
alloys with 29 and 37 wt % TRE, respectively. For compari¬ 
son data are also shown for the same samples but without 
prior cathodic charging. Interestingly, the samples without 
cathodic charging show some evidence of a discharge pro¬ 
cess, which likely indicates the presence of a small amount 
of absorbed hydrogen even in the as-received state. Figure 3 
also shows a clear increase in hydrogen absorption with in¬ 
creasing TRE. Over the range of TRE contents examined, the 
increase in hydrogen absorbed is roughly linear with TRE. 

D. Effect of hydride formation on anodic polarization 

Anodic potentiodynamic polarization curves were also 
measured for the four alloys with varying TRE before and 
immediately after the charge/discharge process. Results for 
the 37 wt % TRE alloy are shown in Fig. 4; behavior of the 
other samples was generally the same. Three curves are 
shown in Fig. 4: (1) as-received, without charging or dis¬ 
charging, (2) with charging only but without anodic dis¬ 
charging, and (3) with charging and discharging. As can be 
seen, after a complete charge/discharge cycle the observed 
current at low applied potentials is significantly higher than 
that of the as-received sample. This suggests that the corro¬ 
sion resistance of the sintered NdFeB alloys is degraded 
upon absorbing and desorbing hydrogen. 

IV. CONCLUSIONS 

(1) The (NdDy) 15 Fe 783 Al 07 B 6 powder has been shown 
to absorb hydrogen upon exposure to 0.1 M H 2 S0 4 . Based 


FIG. 4. Anodic polarization curves for sintered NdFeB (37 wt % TRE) in 6 
M KOH; scan rate=2 mV/s. 


on the change in lattice constants the level of hydrogen ab¬ 
sorbed corresponds fairly closely to an overall composition 
of Nd 2 Fe 14 BH 27 . 

(2) This study clearly shows that the sintered NdFeB and 
NdFeB-Co-V alloys both absorb hydrogen during the appli¬ 
cation of a cathodic current. Furthermore, these results sug¬ 
gest that the amount of hydrogen absorbed increases with 
increasing TRE as has been suggested by Scholz. 5 

(3) A comparison of anodic potentiodynamic polariza¬ 
tion on samples before charging, after charging, and after 
complete discharging shows that the corrosion resistance of 
the sintered NdFeB alloys is degraded upon absorbing and 
desorbing hydrogen. 
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Relation of remanence and coercivity of Nd,(Dy)-Fe,(Co)-B sintered 
permanent magnets to crystallite orientation 
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H. H. Stadelmaier 

Department of Materials Science and Engineering, North Carolina State University, Raleigh, 

North Carolina 27695-7907 

For sintered permanent magnets based on Nd 2 Fe ]4 B having magnetically oriented crystallites, a 
simple method of measuring the degree of alignment by x-ray diffraction is described, using the 
inverse pole figure technique. The results are related to a distribution function for the easy axis 
which is a direct measure of remanence. The fraction of the ideal [001] texture component in both 
Nd-Fe-B and Nd,Dy-Fe,Co-B magnets is enhanced by doping with oxygen, resulting in a 
measurable increase in remanence and improved loop squareness. The observed increase of the 
intrinsic coercivity ,H C with better crystallite orientation is also discussed. 


I. INTRODUCTION 

The remanence in sintered permanent magnets based on 
the phase Nd 2 Fe 14 B is maximized by aligning the powdered 
particles of the magnet alloy in a magnetic field before press¬ 
ing. While this results in a large fraction of crystallites with 
the easy axis in or near the field direction, the orientation is 
never perfect. The purpose of this study is twofold: (i) to 
describe a simple method of measuring the degree of align¬ 
ment and relate it to the remanence and (ii) to report a 
method of enhancing the fraction of the ideal [001] texture 
component by doping with oxygen. In particular, it will be 
shown what improvement in the remanence can be expected 
when the easy axis lies within a cone described by an orien¬ 
tation distribution of a given angular width. The effect of 
orientation on the intrinsic coercivity ,H C will also be dis¬ 
cussed. 

II. TEXTURE 

The methods of quantitatively assessing the crystal ori¬ 
entation in a sintered magnet are essentially twofold: (i) The 
intensity of an x-ray reflection corresponding to the easy 
axis, i.e., (00/) for Nd-Fe-B magnets, is measured directly 
as the magnet axis is tilted out of the reference orientation, 
the normal to the magnet surface. The angle at which the 
intensity drops to 1/2 is a measure of the textural quality. A 
way of doing this by using a pole figure device for full ori¬ 
entation has been described by Chang et al. 1 A simpler modi¬ 
fication of this technique utilizes the decoupled 0 scan for an 
(00/) reflection and describes a line through a pole figure 
which is assumed to be that of a fiber texture. 2 Again, the 
width of tilt at half maximum is a measure of texture, (ii) A 
specimen with the reflecting surface normal to the magnet 
axis is subjected to a standard Bragg 20 scan. In an aniso¬ 
tropic magnet only reflections with low (h,k) and high (/), 
including (00/), are observed. Then the orientation is de¬ 
rived from the known angles between the observed {hkl) 
and (00/), or their poles, and the orientation distribution is 
derived by comparing their intensities to the corresponding 
intensities in a specimen with random orientation of the crys¬ 
tallites, Meisner and Brewer 3 have performed a more sophis¬ 


ticated analysis in which two reference directions are used. 
They have also shown that calculated powder intensities are 
in good agreement with those measured on a random powder 
sample of Nd-Fe-B, and our analysis will use the former. 
This method has been described by Tenaud et al. 4 and used 
by Kawai et al. 5 in connection with axial to conical spin 
reorientation in Nd-Fe-B. The technique has been known to 
metallurgists for some time as the “inverse pole figure” 
method. 6-7 It uses a single reference direction (the axis of the 
anisotropic magnet), which is assumed to be the direction of 
the scattering vector. In the present study, the fraction of 
(00/) in a direction tilted by a given angle from the scatter¬ 
ing vector is determined from the set of available (hkl) and 
is used to determine the cause of remanence enhancement 
resulting from the addition of oxygen under otherwise equal 
experimental conditions. It should be pointed out that the 
texture difference between specimens observed here can be 
seen by visual inspection of a pair of diffraction patterns. The 
goal is to make this observation more quantitative and, spe¬ 
cifically, to determine whether the improvement in rema¬ 
nence can be accounted for by the sharpening of the texture. 
As for the distribution function used in Sec. IV, it has not 
been suggested previously but has the advantage of math¬ 
ematical simplicity. 

III. EXPERIMENT 

Sintered magnets were prepared with two compositions, 
in wt%, 30.5Nd, 2.5Dy, 63.4Fe, 2.5Co, 1.1B (in at. % 
14.CNd, l.ODy, 75.4Fe, 2.8Co, 6.8B) referred to as A and B 
and 32.5Nd, 66.4Fe, 1.1B (14.9Nd, 78.4Nd, 6.7B), speci¬ 
mens C and D. Of each composition one batch (A and C) 
was prepared by conventional methods, employing rigid tool 
compaction of the powder, and another batch (B and D) was 
subjected to additional oxygen pickup during powder pro¬ 
cessing prior to pressing. The final oxygen analyses of the 
magnets (in wt %) were: A (0.22), B (0.50), C (0.24), D 
(0.41). The method of adding oxygen was apparently not 
critical to its effect on grain orientation and it could be in¬ 
troduced during jet milling or following milling. The hyster¬ 
esis loops were measured on a hysteresisgraph, indepen¬ 
dently at both laboratories. The x-ray diffraction patterns 
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TABLE I. Ratio J,/J s of remanence to saturation polarization for orientation 
distributions f(0)=cos m 6 having cone angle width at /( 0)= 1/2. 


^1/2 

m 

J r /J=(m+\)l(m + 2) 

90 

0 

0.500 

45 

2 

0.750 

27.0 

6 

0.875 

22.2 

9 

0 909 

179 

14 

0.938 

13.7 

24 

0.962 

95 

50 

0 981 

0 

00 

1.000 


were taken on a standard diffractometer (Cu Ka radiation). 
The specimen surface that wa c - - aendicular to the magnet 
axis was placed in the Bragg u .acting orientation to provide 
a measure of the deviation from the ideal grain orientation. 
No useful intensities are obtained unless the samples are 
metallographically polished to remove the surface layer dis¬ 
turbed by grinding (it is known that the 2-14-1 phase can 
undergo plastic deformation 8 ). The intensities of the six 
prominent reflections were normalized to calculated intensi¬ 
ties for a random orientation of the crystallites following the 
procedure for obtaining inverse pole figures. 6,7 

IV. ORIENTATION AND REMANENCE 

If the magnet were a single crystal, or had an ideal grain 
orientation with the easy axis normal to the surface, the dif¬ 
fraction pattern would show only reflections (00/) with even 
values of /, namely (004) and (006) in the range investigated 
(Bragg 20*s5O°). Because of the imperfect orientation, addi¬ 
tional reflections having low (h,k) and high / arc observed 
and permit the assessment of the preferred orientation. In a 
cylindrical magnet the crystal orientation represents a fiber 
texture with the magnet axis as the fiber axis. For a given 
(hkl) the corresponding tetragonal c axis (001) lies on a 
cone with half-angle 0, where 0 is now the colatitude in 
spherical polar coordinates. Therefore the observation of re¬ 
flections having high / that are aligned with the magnet axis 
contain information on the distribution of the (001) poles. 
This is necessarily so because in the tetragonal system there 
exists one and only one off-axis (001) pole for every pole 
(hkl) that is in line with the magnet axis. 

The distribution of (001) poles can be modeled to de¬ 
scribe the impact of misorientation on the remanence. In the 



CO-LATITUDE 6° 

FIG. 1. Hypothetical and experimental distribution of tetragonal (001) 
poles. 


range O=£0*S7r/2, let this distribution be f(0). Then the num¬ 
ber of poles in a ring of width d 6 on the surface of a unit 
sphere is 27r/(0)sin Odd. The contribution of these poles to 
the magnetization in the direction of the magnet axis is ob¬ 
tained by multiplying with cos 0. It follows directly that the 
ratio of remanence to saturation polarization for an assumed 
square hysteresis loop must be 

Jo l2 f(0 )sin 0 cos OdO 

~o n W )sin 0d0 ’ 

where the denominator serves to normalize the expression to 
a constant total number of poles ih the hemisphere. A useful 
distribution function is cos'" 0 because for it the integrals 
have simple solutions so that the ratio J r IJ s takes on the 
form (m+ 1 )/(m + 2). It is immediately obvious that for 
»j = 0, J r /J,= 1/2 (familiar result for random orientation) 
and for J r IJ ,= 1 (delta function, perfect orientation). 

Table 1 gives some examples of J r /J s for various orientation 
distributions f(6) characterized by the cone angle at half 
maximum (/ =1/2). It shows the improvement in remanence 
that can be expected from sharpening the orientation. For 
example, when the cone angle is decreased from 18° to 9.5°, 
J JJ s increases by 4.6%. A corresponding set of plots of 
f(0)~ cos'" 0 is shown in Fig. 1; the significance of the data 
points is discussed in the next section. 


TABLE It Observed reflections with low (h,k) and high l showing (i) calculated intensities for a random 
orientation, normalized to ///„= 100 for the strongest reflection (140), (u) angles between (hkl) and (001) 
poles, and (m) experimental intensities treated as inverse pole figure data 


hkl 

Intensity 

(random) 

Cone angle 

Intensities normalized to random orientation 

A 

B 

C 

D 

004 

9 

0 

1 00 

1.00 

1.00 

1.00 

124 

89 

37.8 

0.11 

0.04 

0.17 

010 

015 

50 

15 5 

0 75 

0.49 

0 87 

0.71 

115 

25 

214 

031 

0.20 

0.46 

0.34 

006 

25 

0 

1 00 

1 00 

1 00 

1.00 

116 

8 

18 1 

0.41 

0 19 

0.85 

0 59 


6266 J Appl Phys , Vol 76, No 10, 15 November 1994 


Kim, Camp, and Stadelmaier 





FIELD [kOe] 

FIG. 2 Hysteresis loops of undoped (A and C) and oxygen-doped (B and D) 
sintered magnets. 

V. EXPERIMENTAL RESULTS 

The intensities as processed for an inverse pole figure 
are proportional to the volume fraction of grains with ( hkl) 
poles in the direction of the magnet axis and, conversely, to 
the volume fraction of (001) poles in a direction tilted away 
from the axis by 0. Therefore they can be plotted directly 
over the distributions of Fig. 1. Table II shows the angle 0by 
which the easy axis [001] is tilted against the magnet axis for 
a given (hkl). It is derived from tg 2 0=(c.'a) 2 (h 2 +k 2 )ll 2 , 
and obviously the higher the (li,k) and the lower the /, the 
larger 6 will be. Table II also contains information on the 
four test specimens A, B, C, D: calculated intensities for a 
powder pattern 1 with a random orientation of the crystallites 
and inverse pole figure intensities normalized by setting a 
weighted average intensity of (004) and (006) equal to 1. The 
reduction in the non-(00/) reflections by going from A to B 
and from C to D is evident. It is also seen that the particle 
alignment in the Co-, Dy-containing magnets A and B is 
superior to that in the simpler ternaries. The reduced inten¬ 
sities in Table II represent a distribution for which the data 
points are plotted in Fig. 1. It is obvious from Fig. 1 that the 
experimental data show considerable scatter and do not fol¬ 
low the cos'" 6 distribution closely (nor do they fit a Gauss¬ 
ian distribution function) but tend to have steeper flanks. 
Nevertheless, the trend is clear: untreated specimens A and C 
have a broader orientation distribution than the correspond¬ 
ing oxygen-treated specimens B and D. Fitting the data to the 
curves allows a rough estimate of the expected improvement 
in remanence A-^B and C—*D, namely, 3.6% and 3.9%, re¬ 
spectively. The corresponding experimental increments are 
4.2% and 4.7%. Supporting magnetization curves are shown 
in Fig. 2. The improvement in loop squareness in the 
oxygen-doped magnets B and D is evident. 

VI. COERCIVITY 

The coercivity is also affected by the oxygen tieatment 
that causes the sharpening of the orientation. In the Co-, 
Dy-containing specimens A and B, one sees a concomitant 
increase in ,H L that is intuitively plausible from the orienta¬ 
tion effect in the Stoner-Wohlfarth theory for a single¬ 


domain particle. The detailed model of Schrefl et al. 10 de¬ 
scribing the reduction of the nucleation field for reversed 
domains at the grain boundaries of Nd 2 Fe] 4 B also predicts 
this orientation effect for coercivity. The crossing of the 
magnetization curves C and D in Fig. 2 is contrary to this 
behavior so that the curve with the higher remanence and the 
better alignment now has the lower intrinsic coercivity. Un¬ 
like the pair A and B, magnets C and D apparently have an 
orientation dependence of the critical field for magnetization 
reversal that does not decrease with the loss of alignment. It 
has to be conceded that the influence of oxygen on coercivity 
may well be a more complex one and simply results from 
changes in the “grain boundary phase,” which is known to 
be fee rather than hexagonal in many magnets, an effect that 
has long been attributed to the oxygen impurity, see e.g., 
Yang et al. n 

VII. CONCLUSIONS 

It has been shown that by using a simple powder diffrac¬ 
tometer technique, information on grain alignment in sin¬ 
tered magnets can be obtained without resorting to a full pole 
figure determination. The trend of permanent magnet prop¬ 
erties found in the Co-, Dy-containing magnets is already 
present in Stoner-Wohlfarth theory for single-domain par¬ 
ticles. For it the remanence goes with J s cos 6, and both 
remanence and coercivity decrease together when the orien¬ 
tation deviates from 0=0. Therefore it is plausible that the 
remanence enhancement resulting from the oxygen treatment 
is an orientation effect, and the x-ray diffraction data support 
this interpretation. To what should the observed ability of the 
oxygen-treated magnets to show improved orientation be at¬ 
tributed? This can only be speculated, but it appears to be 
based on the ability of the powder particles to better maintain 
their magnetic orientation in the pressing operation. This 
might be loosely described as a reduction in friction between 
the particles that results front the oxygen treatment of the 
powder. It is remarkable that the ability of the powders .o 
retain then orientation during pressing is so sensitive to alloy 
chemistry, as seen not only in the effect of oxygen doping 
but also in the difference between the alloys containing Co 
and Dy and the simpler ternary alloys. 
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Comparison of magnetic methods for the determination of texture 
of permanent magnets 
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The singular point detection (SPD) technique as well as a least-mean-square procedure of f'ting trial 
texture functions to demagnetization curves (DMC) were applied in order to determine the 
orientation density of the tetragonal axes of the Nd 2 Fe 14 B crystallites in sintered Nd-Fe-B magnets 
with different degrees of grain alignment. Both methods are less complicated than calculating the 
texture function from x-ray-diffraction data. The orientation densities obtained by both methods 
agree fairly. Analytically, they can be described as a Gaussian or a sum of cosine-power functions 
of the angle between the local tetragonal axis and the texture axis. This agreement is a test for the 
DMC method which can also be used for materials showing much larger anisotropy fields than the 
maximum available measuring field. The SPD and DMC methods can also be applied to measure the 
temperature dependence of the anisotropy field H A of the magnetic main phase in noncompletely 
textured polycrystalline materials. By means of the DMC method additionally the spontaneous 
polarization J s as well as the anisotropy constants K x and K 2 can be determined. As expected, the 
values of H A of our sintered Nd-Fe-B samples, measured up to 140 °C, are nearly independent of 
the degree of texture and are in agreement with those reported in literature. This confirms that SPD 
as well as DMC can be used to measure intrinsic magnetic properties for materials which can hardly 
be prepared as single crystals, such as interstitial compounds made by gas-solid reactions. 


I. INTRODUCTION 

In typical modern permanent magnet materials such as 
sintered Nd-Fe-B the magnetic main phase is crystallo- 
graphically uniaxial and the crystal c axis is a magnetically 
easy one. The orientation density of the easy axis is rotation- 
ally symmetric in a good approximation and can be de¬ 
scribed by a texture function f(a), normalized by 

cm 2 

da sin a f(a)= 1, (1) 

Jo 

where a is the angle between the local easy axis and the 
texture axis. 1 The classical procedure to calculate f(a) from 
an adequate set of x-ray-diffraction data" is expensive. Alter¬ 
native methods, based on magnetic measurements, have been 
reported. 1,3,4 The angular dependence of remanence induc¬ 
tion B r can be used, as described in Ref. 1, if B r is controlled 
by rotational demagnetization processes only. Unfortunately, 
the remanence of nucleation controlled materials such as sin¬ 
tered Nd-Fe-B or Zn-bonded Sm 2 Fe| 7 N 3 is affected by the 
presence of domains in the grains of the sample surface. This 
difficulty is avoided by the singular point detection (SPD) 
technique 5 which was applied to texture analysis in Ref. 3. In 
fact, by this method one detects a sharp peak in the second 
derivative d~JldH 2 of the polarization J versus the applied 
magnetic field H, exactly located at the anisotropy field H A . 
The amplitude of the peak is pioportional to the volume 
fraction of crystallites oriented with their easy axes perpen¬ 
dicular to //. In Ref. 4 the width a g of a Gaussian density, 


/(a)-exp(- a 2 /2crj), 0^tr g <«> (2) 

was fitted to major demagnetization curves in the first quad¬ 
rant of the J-H plane, where H is the applied field corrected 
for demagnetization effects. Additionally, this fitting proce¬ 
dure yields the anisotropy constants K x , K 2 and the sponta¬ 
neous polarization 7 S (if the volume fraction of the main 
phase is known) and works even for measuring fields H con¬ 
siderably smaller than H a -(2K 1 + 4K 2 )/j s . It was success¬ 
fully applied to bonded Sm 2 Fe 17 N, 4,6 and sintered Nd-Fe-B. 7 

Fitting parameters such as from Eq. (2) are texture 
parameters summarizing the information included in f(a). 



HO 1 SPD peak amplitude Gty) of the sintered Ndi h Fc 78 B„ sample A2 ana 
its fitted texture function /\a)=0 014+0 34 cos 2 a+0.22 cos" 1 ' a 
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Internal field p 0 H (T) 


FIG. 2. Demagnetization curves of t' e sintered Nd 16 Fe 78 B 6 samples A1-A4 
with different degrees of texture, measured at T =20 °C, parallel (||) and 
perpendicular (±) to the texture axis The solid lines are fitted demagnetiza¬ 
tion curves based on the triai texture function from Eq. (2) 

The definition of a texture parameter may also be indepen¬ 
dent of the special type of f(a), as in the case of the standard 
deviation a, which is given by 

_ /" rr/2 

(j 2 = a 2 = d a sin a f(a)a 2 . (3) 

Jo 

il. EXPERIMENTAL AND THEORETICAL METHODS 

Sintered Nd 16 Fe 78 B 6 magnets were prepared in the usual 
powd metallurgical way. 7 To ontain four samples A1-A4 
with c ocrent degrees of texture, various values of the mag¬ 
netic field were used during the compacting process. Mag¬ 
netic ptopertics from room temperature up to 140 °C were 
measured by a vibrating-sample magnetometer with applied 
fields up to 8 T. 

The SPD measurements were performed as described in 
Ret. 3. A computer program has been developed for the au- 



0 30 60 90 

Angle a (deg.) 


FIG 3 Texture functions foi samples A2, A3, and A4 SPD f(a) - b„ 
~ b[ cos" 1 a + cos"; a fitted to SPD data DMC f(a) 
~exp( -cri2cr g j fitted to the curves of Fig 2 
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Standard deviation cr (deg.) 

FIG 4 Anisotropy field H A and texture parameter a from Eq. (3). Open 
symbols: values from a fit to the demagnetization curves of the samples 
A1-A4 for different temperatures; closed symbols: the corresponding room- 
temperature values obtained from SPD data 

tomatic measurement of the amplitude of the SPD peak. The 
adopted criterion is to measure the difference in the slope of 
d 2 J/dH 2 at the two inflection points located at both sides of 
the peak. The applied field H forms an angle y with the 
texture axis z and is in the x-z plane. The SPD peak ampli¬ 
tude G(y) is proportional to the volume fraction of crystal¬ 
lites having their c axes in a plane perpendicular to H. If (f> 
denotes the azimuth of the c axis with respect to x-z plane, 
we have cos a=cos <J> sin y and 

fir/2 

G(y) = 2/7r d<f> F {cos rf> sin y), (4) 

Jo 

where Ticos a)=f(a) is the texture function from Eq. (1). 

The integral equation (4) was numerically solved by fit¬ 
ting the power scries 

F(cos a) = 2 b, cos 2 "' a (5) 

l 

to measured values of G(y), where a small number of terms 
turns out to be sufficient. 

Trial demagnetization curves were computed taking into 
consideration only coherent rotational processes based on an¬ 
isotropy constants up to K ? , neglecting the internal magnetic 



Temperature T (°C) 

FIG 5 Temperature dependence of the anisotropy constants K t and K, of 
samples A1-A4, calculated from fitted demagnetization curves 
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stray fields, using the trial texture function of Eq. (2). Then 
the calculated J vs H curves, depending on trial values of 
a g , J s , K u and K 2 , were fitted by a least-mean-square fit to 
the experimental curves, measured above / u 0 f/=1.5 T in or¬ 
der to avoid domain-wall processes. Three criteria were used 
to test the applicability of the trial function: (i) the remaining 
variance of the numerical fit should be sufficiently small, (ii) 
the texture parameter must not depend on temperature, and 
(iii) the fitted values of K l; K 2 ,J i must not depend on the 
degree of easy-axis alignment. Finally, the fitted texture 
function as well as the obtained anisotropy field H A were 
compared with those determined by the SPD method. 


III. RESULTS AND DISCUSSION 

In Fig. 1 the angular dependence of the measured peak 
amplitude G(y) of the little textured sample A2 and the cor¬ 
responding fitted texture function f(a ) are shown as a typical 
example for the SPD analysis. 

The Gaussian texture function (2) yields a very good fit 
for the demagnetization curves (DMCs) of our samples Al- 
A4, measured perpendicularly and parallel to the texture axis 
(see Fig. 2). A typical value of the residual variance of the 
numerical calculation is 10~ 7 T 2 . 

The texture functions obtained from demagnetization 
curves are fairly similar to those calculated from SPD data, 
as shown in Fig. 3. This is an encouraging result because 
very different experimental procedures are used. Due to the 
normalization factor sin a in Eqs. (1) and (3), the deviations 
of f{a) at a^O in Fig. 3 have only a small weight for physi¬ 
cal quantities. 

As a consequence of this result, the values of standard 
deviation cr summarized in Table I do not much depend on 
the type of the applied measuring procedure. 

Figure 4 presents the temperature dependence of the an¬ 
isotropy field H a and the standard deviation <r, both obtained 
from demagnetization curves, as well as the corresponding 
room-temperature values calculated from SPD data. For all 
the samples, cr shows a small temperature dependence as 
expected for a correct texture parameter. The small differ¬ 
ence in the values of H A obtained from SPD and DMC mea¬ 
surements, respectively, may be due to the magnetostatic in¬ 
teraction between the Nd 2 Fe !4 B particles, which was 
neglected in this study. The effect of this interaction on SPD 
measurements was considered in Ref. 8. In the case of DMC 


TABLE I. Texture parameter a [from Eq. (3)] fitted to SPD and DMC 
measurements In the case of SFD data Eq (4) was approximately solved 
using the series expansion (5) as well as the Gaussian (2). 


Sample 

SPD 

26, cos 2 " 1 a 
(deg) 

SPD 

Gaussian 

(deg) 

DMC 

Gaussian 

(deg) 

Ideally 




isotropic 


61 2 


A1 

«61 

~61 

60.7 

A2 

45 8 

47 5 

45 4 

A3 

27.8 

28 6 

29 2 

A4 

157 

15.8 

18.6 

Ideally 




textured 


0.0 



analysis the influence of internal magnetostatic fields has not 
yet been systematically investigated. 

The DMC results of the anisotropy constants K , and K 2 
determined from differently textured samples yield suffi¬ 
ciently small variations for all investigated temperatures 
(Fig. 5). The temperature dependence of K { and K 2 is in 
good agreement with the data from Ref. 9. The room- 
temperature value of H a is comparable to that presented in 
Ref. 10 for a single crystal, but K 2 ~0 at T =293 K was 
obtained there. 

In summary, DMC as well as SPD analysis yield fairly 
correct data on texture and intrinsic magnetic properties be¬ 
cause both techniques are based on reversible rotation of the 
local magnetic polarization. Contrary to other elementary 
magnetization processes, reversible rotation is not very sen¬ 
sitive to chemical and topological details in the nanometer 
range of microstructure. 
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Magnetic-field orientation and coercivity 
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The relationship between the coercive force and the angle of the applied field of an infinite magnetic 
medium containing a planar defect have been analyzed. A domain-wall pinning dominated 
coercivity was assumed and the spatial dependence of the magnetization in the direction normal to 
the plane of the defect was taken into account. The results show that the coercivity must be about 
two orders of magnitude smaller than the anisotropy field for the inverse cosine curve to be a good 
approximation. Some of the results with experimental work on Fe 77 Nd 15 B 5 are compared. In 
addition, the existence of a decrease in the domain-wall pinning coercivity as a function of the angle 
between the applied magnetic field and the anisotropy for certain ranges of parameters—a behavior 
previously thought to have only occurred in the angular dependence of a nucleation dominated 
coercivity—is shown. 


A central issue in the study of permanent magnets such 
as NdFeB and SmCo has been the understanding of the mag¬ 
netic reversal mechanism at the coercive field H c }' 2 

An important aspect of this problem is the angular de¬ 
pendence of the coercive field. The angular dependence in 
sintered RFeB magnets has been measured by the group at 
CNRS in Grenoble. 3 They find that for H c -10 kOe at room 
temperature the increase of H c with 0„, the angle of the 
applied field with respect to the easy direction of magnetiza¬ 
tion, corresponds approximately to a l/cos(0 /7 ) relationship, 
a theoretical derivation of which had been carried out in a 
previous paper. 4 For 17 kOe, there is a reduced increase 
in H c with 0„. Finally, a decrease in H c as 0„ increases 
occurs at small 0 H values in PrFeB magnets. The authors of 
Ref. 3 state that they are unable to understand the last result 
on the basis of either coherent rotation or domain-wall 
propagation. 

Results by both Sakuma era/. 5 and Kronmuller eta/. 6 
indicate that there exists ranges of magnetic parameter values 
wherein coercivity limited by the nucleation of domain walls 
shows deviations from the l/cos(0//) or inverse cosine angu¬ 
lar dependence, but it is generally accepted that coercivity 
limited by domain-wall pinning follows the inverse cosine 
relation, thus yielding insight into the mechanism of mag¬ 
netic reversal through analyzing the angular dependence of 
the coercivity of different materials. We shall show that this 
is not so, that there also exist strong deviations from the 
inverse cosine relation when domain-wall pinning is the 
mechanism limiting magnetization reversal. 

In 1990, Sakuma era/. 15 presented theoretical deriva¬ 
tions of the coercivity as a function of the angle of the ap¬ 
plied field for the case of a domain-wall nucleation domi¬ 
nated coercivity in a material containing a defect. Their 
methods, first introduced by Friedberg and Paul, 7 took into 
account the spatial dependence of the magnetization. 

In this paper, we derive the angular dependence of the 
coercive force tor domain-wall pinning. We also take into 
account the spatial dependence of the magnetization. 

L. it us consider an airay ot magnetic dipoles represent¬ 


ing the host magnetic material containing a defect lying 
within the region x=-D/2 to x=D/2. The host matrix has 
uniform magnetization M,, first-order anisotropy constant 
K lt and first-order exchange energy constant A,. The im¬ 
pediment has entirely independent magnetic properties K 2 , 
M 2 , and A 2 . The easy axis of magnetization is in the direc¬ 
tion of the z axis and an external magnetic field H is being 
applied at an angle 0 H as measured from the z axis in the y-z 
plane. The orientation of a given dipole in the array is taken 
as the angle 0 measured from the z axis in the y-z plane. We 
assume a one dimensional spatial dependence for the angle 
9. The orientations of the end dipoles are fixed with 0=0° at 
x=-°o and 0=180° at * = «>, signifying the presence of a 
Bloch wall along the array. We wish to find the value, H c , of 
the external magnetic field for which the wall can no longer 
be held by the impediment and thus magnetic reversal of the 
entire medium occurs. This model has already been dis¬ 
cussed for the case in which the external magnetic field is 
applied in the same direction as the easy axis of magnetiza¬ 
tion (0„=0°). 7 ' 8 

The total energy for the fth region tz = 1,2,3) is given by 



K, sin 2 {9)-HM, cos (0-0//)-FA, 




Minimizing the energy in the three regions using the 
boundary conditions that 0=0° and 180° at jc=-* and *, 
respectively, and that A,(d0/dx) is continuous at x= - D/2 
and D/2, we get Eq. (2) where rj is given by Eq. (3): 


f cost 0] > 

W= (sin 0)' 1 [sin“(0)-ii/ 7 £~ l cos(0-0//) 

J cos>t (M 

+ r)Y lll d cos( 0), (2) 

y=(E ~ 1 - 1 )sin 2 (0 1 )-/z£ _1 (l -F)cos(0i- 0 H ) 

+ hE 1 cos(0 w ). (3) 
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FIG 1. Ratio of the normalized coercive forces /i c (0 w )//!,.(O) as a function 
of the angle of the external field with respect to the anisotropy axes 0 H , for 
a constant normalized defect width W=2 and constant ratio £=0.8 Curve 
(1) is for £=0.4, curve (2) is for £=0.5, and curve (3) is for £=0 6 Curve 
(4) shows the l/cos(tt H ) angular dependence generally accepted to be char¬ 
acteristic of a domain-wail pinning dominated coercivity The solid circles 
arc measurements on the angular dependence of Fc 77 Nd 15 B 8 (see Ref. 6) 

The relationship between the quantities 0, and 0 2 (the orien¬ 
tation of the dipoles at x= - id D/2, respectively), are 
given by 

(1 -E~ x ) sin 2 (0 2 ) + hE- l (\-F)cos(9 2 -9 H ) 

+ hE~' cos(0„) + 77 = 0 , (4) 

along with the condition cos(9^>cos{6 2 ). 

Here we have also introduced the dimensionless param¬ 
eters £, F f h, and VT: 

A,K, AiM-, HMt D 

E = —-—- 1 /,=- W= — 

A A ,A /1 ’ K x ' S’ 

used in Ref. 8 , where D is the actual width of the defect and 
S=(A 2 /K 2 ) V2 is the domain-wall half-width within the defect 
region. 

Given a value for the normalized external field h and 
9 tI , there is a set of 0,’s for which a 9 2 in (0,,18O°) satisfy¬ 
ing Eq. (4) will exist and \V{9 X , 0 2 )<°°, where W{6 X ,9 2 ) is 
determined by Eq. (2). This gives rise to a set {W # ,} of 
normalized defect widths. These are values of W for which 
there exists a static domain-wall solution that satisfies the 
given boundary condition. In particular, 0(-x) = O° and 9 {*) 
= 180° are satisfied and thus a domain wall is still present. 
Thus, for all widths W in {W' yi }, the field h is insufficient to 
drive the wall over the defect. 

The minimum W c of the set {IF#,} coiresponds to the 
critical width at which h is sufficient to drive the wall over 
the defect region and magnetic reversal begins. As one 
would suspect, it was found that W c increases as a function 
of /i. Thus an> field smaller than li would be insufficient to 
drive the wall across a defect of width W c (h) as contested 
to a fie'd greater than h. Therefore /i ( =/i is the coercive 
force corresponding to the given defect width W c (h). 

Figure 1 shows the ratio of the normalized coercive 
forces /i c ( 0 ;/ J and /i c ( 0 ) versus the angle of deviation 0 W of 
the external field with respect to the anisotropy axes. The 
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FIG 2 Same as Fig 1 with the normalized defect width W= 2. Curve (1) is 
for £ = F=0 1, curve (2) is for £ = £=0.05, and curve (3) is for £ = £ 
=0.025. 


normalized defect width IF and ratio F are held constant at 
values 2 and 0.8, respectively. The ratio E ranges from 0.4 to 
0 . 6 , corresponding to a large change in the magnetic param¬ 
eters A, and/or K, across the boundaries x=-D/2 and 
x-Dt 2. We have included for comparison the normalized 
angular dependence li c (9, l )/li c (0) = \/cos,(9„ ), generally ac¬ 
cepted as the angular dependence curve characteristic of a 
domain-wall pinning dominated coercivity. We notice that 
our curves deviate significantly from the inverse cosine 
curve for this range of E and value of F and W with the 
deviation decreasing as E approaches unity. Also included in 
this figure are measurements of the normalized angular de¬ 
pendence of the coercive force for Fe 77 Nd 15 B 8 done by 
Kronmullcr et al. 6 

In Fig. 2, the ratios E and F take on very small values 
ranging from 0.025 to 0.1 and the normalized defect width W 
is again held constant at the value of 2. This range for E and 
F corresponds to differences within the material parameters 
A,, K,, and M, between the host matrix and the defect 
region of up to two orders of magnitude. For these small 
values of E and F, we see a very pronounced decrease in 
h c (9 l ,)/h c (Q) as 9,, increases from zero. Physically, the ex¬ 
ternal field required to drive the domain wall across the de¬ 
fect is decreased when applied in directions deviating from 
the anisotropy axes, with the minimum required field occur¬ 
ring at 0^50°. Note that for £’ = £ = 0.025, applying the 
external magnetic field at 55° with respect to the anisotropy 
axes will reduce the coercive force by approximately one 
half that required to demagnetize the material with a field 
parallel to the anisotropy axes. 

The last figure, Fig. 3, plots h c vs W rather than 
h r (9 H )/h e (0) vs 9 n . We do this for the values of 0 7/ ranging 
from 5° to 80°. The ratios £ and £ are held constant at 0.5 
and 0.75, respectively. Notice that for a given value of 9 H , 
when W is greater than approximately 1.5, there are essen¬ 
tially no further changes in h c . 

In Fig. 1 as well as in subsequent work we see that as £ 
and £ approach 1 , the angular dependence approaches the 
inverse cosine relation. Physically, the parameters £ and £ 
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FIG. 3 Normalized coercive force h c as a function of the normalized defect 
width W for the values E =0.5 and F=0.75. Curve (1) is for 0//=8O°, curve 
(2) is for 0 H = 65°, curve (3) is for B H = 35°, and curve (4) is for 0 H = 5°. 


approach 1 when the changes in the magnetic parameters A,, 
M ,, and K, between the host material and defect become 
negligible. This is the basic criterion for the l/cos(0 w ) angu¬ 
lar dependence to take over. In the analysis of the normalized 
coercive force for 0//=0° done by Friedberg and Paul, 7 it 
was shown that as £ and F converge to 1, H c (0)/H a goes to 
zero. Therefore the criterion mentioned above is similar to 
the arguments made in previous works for the occurrence of 
a 1/cos {On) curve for values H C <H A . 4-6,9 

We find that a change in A, between the host and defect 
material, causing a decrease in both E and F, produces the 
greatest deviation from the inverse cosine curve while a 
change in K, , causing a decrease in E alone, produces a 
slightly smaller deviation, and finally, the smallest deviation 
is produced by a change in M, between the host and defect 
material, causing a decrease in F alone. Therefore the ex¬ 
change energy seems to be the most influential in determin¬ 
ing the appearance of the inverse cosine angular dependence. 

As seen in Fig. 3, at any given 0„, h c (0 n ) as a function 
of W becomes essentially constant for W> 1.5. This asymp¬ 
totic behavior in h c (0n) as a function of W was shown for 
dn=0 0 by Paul. 8 We see now that it is exhibited at values of 
0„ other than 0° and from this conclude that the behavior of 
an angular dependence curve, h c (0 H )/h c (O), is only a func¬ 
tion of W for W less than approximately 1.5. 

Figure 2 shows a “dip” in the normalized coercive force 
as On increases. Indeed, not only is the increase with 0„ 
shown in our model not as great as that predicted by the 
inverse, cosine curve, but for small E and F (<0.5 if W~2) f 
h c actually decreases as 0 H increases from 0°. Physically, 
this means that for these values of the parameters £, F, and 
W it is easier in general to demagnetize the material by ap¬ 
plying the external field in directions other than along the 
anisotropy axes. The maximum decrease in li c for small £ 
and £ occurs at 0„~ 50°. 


We have found that little or no dip is seen in the angular 
dependence when either £ or £ has value close to unity. It 
appears that both £ and F must be small together in order for 
a significant dip to be present. This suggests that the ex¬ 
change energy, present in both of the parameters £ and F, 
takes on a dominant role in the cause of this dip. 

It has been shown by Friedberg and Paul 7 that as W 
approaches zero, the value of H c (0)/H a approaches zero. 
Therefore we would expect that for small values of W, the 
angular dependence curve will be close to l/cos(0 ;/ ). How¬ 
ever, the “critical width” above which the angular depen¬ 
dence significantly deviates from l/cos(0 l{ ) will depend on 
the values of A 2 /A ], H 2 /H l , and M 2 /M In particular, we 
have found that if A 2 /A, decreases from 0.75 to 0.03 (a 
factor of 25), this critical width is reduced by one order of 
magnitude. Calculations along these lines suggest that it is 
necessary for H c to be approximately two orders of magni¬ 
tude smaller than H A for l/cos(0 w ) to be a good approxima¬ 
tion for the angular dependence. 

The normalized angular dependence of the coercivity 
measured as a function of the applied field angle for 
Fe 77 Nd 15 B 8 6 has been included in Fig. 2 for comparison with 
our theoretical curves. As will be noticed, the fit of this data 
to our curves leaves something to be desired, as was the case 
when this data was compared to other theoretical work . 5,6 
There needs to be more experimental work. 

The nucleation dominated angular dependence curves 
derived in Ref. 5 as well as the pinning dominated curves in 
this paper show a decrease in h c as a function of 0 n for 
certain parameter values. Although for given values of £, £, 
and W, the model in Ref. 5 and our model may give entirely 
different looking curves; as a whole one cannot look at an 
angular dependence curve to determine the coercive force 
mechanism without explicit knowledge of the parameters £, 
£, and W. These qualitative similarities are seen to be true 
when comparing our curves to nucleation dominated angular 
dependence curves derived from other models as well . 6 ' 9 
This indicates that caution must be used if one is trying to 
determine whether a certain mateiial’s coercivity is pinning 
or nucleation dominated by comparing its angular depen¬ 
dence curve with theory. 
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Ho/Y and Ho/Er superlattices have been grown by molecular-beam epitaxy using a Balzers UMS 
630 instrument. The superlattices were grown on a sapphire substrate with an Nb buffer and Y seed 
layer. X-ray-diffraction techniques were used to characterize the crystallographic structure and 
neutron-diffraction techniques to determine the magnetic structures. The results for the Ho/Y 
systems were consistent with long-range order being formed coherently through the whole 
superlattice. The moments in the Ho layers were aligned in the basal plane and most of the structures 
could be described by helical structures with a turn angle between holmium planes of T H and 
between nonmagnetic Y planes 'Ty * s found to be largely independent of temperature or 
superlattice, while decreases with decreasing temperatures and at low temperatures takes a 
commensurate value, so as to take advantage of the basal plane anisotropy. The results for the Ho/Er 
superlattices differ because the Er has a magnetic moment and the anisotropy favors alignment 
along the c axis. Between the ordering temperature of bulk Ho and bulk Er, the results are similar 
to those of the Ho/Y superlattices. The ordering propagates through the Er layers but the Er 
moments are not ordered. At lower temperatures the Er moments order in a cycloidal {ale) structure 
with the basal plane components having fairly long-range coherence with the Ho moments, but the 
c-axis components having no coherence from one Er layer to the next. 


I. INTRODUCTION 

Rare-earth superlattices show a number of novel and in¬ 
teresting properties as has been reviewed by Majkrzak et al. 1 
We have extended this work particularly to the superlattices 
containing Ho, and have studied superlattices of Ho with the 
nonmagnetic elements Y 2 and Lu, 3 and also Ho and the mag¬ 
netic element Er. Bulk Ho orders magnetically below 132 K 
into a helical magnetic phase in which the moments align 
ferromagnetically in each basal plane but rotate from one 
plane to the next by an angle V fl which decreases on de¬ 
creasing temperature from 52° at the T N to an average of 30° 
below 18 K, when the moments also tip out of the basal 
plane to form a cone phase. One of the interesting aspects of 
Ho is the existence of a series of long period commensurate 
spin-slip structures, 4 due to the basal plane anisotropy. Our 
choice of Ho superlattices was therefoie made to see if Ho/Y 
superlattices behaved similarly to the Dy/Y superlattices pre¬ 
viously studied, to determine the effect of the basal plane 
anisotropy on the magnetic structures, and to determine the 
structures of the Ho/Er superlattices in which the Ho and Er 
have competing anisotropies. 

The superlattices were grown by molecular-beam epi¬ 
taxy in Oxford using a Balzers UMS 630 facility. The tech¬ 
nique followed was developed by Kwo et al. 5 and has been 
described in detail." The superlattices are grown on a sap¬ 
phire substrate with a 500 A Nb buffer layer and a 1000 A Y 


s 'Psrm«ment address. Physics Dept, Danish AEK, Risft, Roskildc, DK 4000 
Denmark 


seed layer before the superlattice and capped by a 300 A Y 
layer to prevent oxidation of the magnetic material. The 
chemical and crystallographic quality of the superlattice is 
then determined using x-ray diffraction. Typically the super- 
lattices have a mosaic spread of 0.16°, a chemical coherence 
length of about 2200 A, and an interface width of about 5 
atomic planes. 

The magnetic structures were determined by neutron¬ 
scattering techniques using triple axis spectrometers at the 
DR3 reactor of the Ris<6 National Laboratory. Typically, 5 
meV incident neutrons were selected with a pyrolytic graph¬ 
ite monochrometer, and second-order contaminant neutrons 
were suppressed with a cooled Be filter. A pyrolytic graphite 
analyzer was used to ensure that only elastically scattered 
neutrons were detected. The collimation was typically from 
reactor to detector 60’-30'-30'-120' and gave a resolu¬ 
tion in the scattering plane of 0.01 A" 1 . The samples, whose 
growth direction is always perpendicular to the c axis, were 
aligned with the {hoi) plane in the scattering plane and 
mounted in a variable-temperature cryostat so that the tem¬ 
perature could be controlled to 0.1 K. The scattered intensity 
was determined as the wave-vector transfer was scanned 
along the (00/) and (10/) directions. The former provides 
information about the basal plane ordering of the magnetic 
moments, while the latter gives intensities dependent on both 
the basal plane and c-axis moments. 

II. RESULTS FOR HO/Y SUPERLATTICES 

The results for the Ho/Y superlattices have been 
published 2 and so the results will only be briefly summarized 
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FIG 1. The neutron-scattering intensity (Ref. 2) observed from a 
(Ho 40 Y 15 ) 50 superlattice along (00/) at a series of temperatures at intervals 
of 10 K from 130 to 10 K. The nuclear (002) scattering is temperature 
independent and the magnetic scattering grows with decreasing temperature. 
Note that even at 120 K, the magnetic scattering is two peaks showing 
long-range coherence. 


here. The neutron scattering as a function of temperature 
from the Ho 40 Y 15 superlattice is shown in Fig. 1 and shows 
the growth of the magnetic scattering with decreasing tem¬ 
perature. The magnetic scattering at every temperature shows 
several separate peaks showing that the ordering is always 
coherent through the nonmagnetic Y blocks. In this respect 
the result is similar to that found for the Dy/Y system. 1 

A more detailed description requires a model. We have 
used a model in which there is a turn angle between the 
magnetic moment direction on successive Ho planes 'F // , 
and one between successive Y planes T'y, and moments on 
both the Ho and Y planes. The fits showed that the data were 
consistent with no moment on the Y planes, and the same Ho 
block lengths and interface widths as tiie crystallographic fits 
to the x-ray data. Consequently, in the final fits, only 'F,,, 
'Fy, and the moment on the Ho planes were allowed to vary 


V) 



Temperature (K) 


FIG 2. The temperature dependence (Ref. 2) of the turn angles T„ (A), 'F Y 
tO) for the llo^Y^ superlattice. Also shown is 'V H (O) for an epitaxially 
grown Ho film and for bulk Ho (solid line) The errors of the fitting are 
shown by th" point size 



FIG. 3 The turn angle (Ref 2) for Ho in various superlatticcs showing 
that at least for thick superlatticcs, 'V H is largely independent of the Y 
thickness and that is close to a commensurate spin-slip value The solid 
line is a guide to the eye, and the errors arc about the symbol size 

while the block lengths and interface thicknesses were taken 
from the x-ray results. 

The model gave a good description of the results and the 
parameters for the Ho 40 Y 15 sample are shown in Fig. 2. The 
Y turn angle 'Ty is independent of temperature and was in¬ 
deed found to be the same and constant for all the Ho/Y 
superlattices. The Ho turn angle T„ was found to decrease 
with decreasing temperature but less markedly than for a 
pure Ho film or bulk Ho. Presumably the decrease with de¬ 
creasing temperature arises largely from the effect of the 
ordering on the turn angle 6 as in bulk Ho, while the differ¬ 
ence between the behavior of bulk Ho and the Ho superlat¬ 
tices is due at least in part to the clamped lattice parameters 
and consequent strain of the Ho in the superlattice, as found 
in Dy/Y superlattices. 1 

The low-temperature Ho turn angles for several Ho/Y 
superlattices are shown in Fig. 3, and are largely independent 
of the Y block thickness and incicase steadily with decreas¬ 
ing Ho block thickness. The samples with more than eight 
Ho planes, for which interdiffusion is not too severe, all have 
'P h close to the turn angle for a commensurate spin-slip 
structure, 40°, 42 9°, 45°, and 48°. These spin-slip structuies 
also show higher harmonics of the magnetic satellites, but 
interestingly these did not show the separate peaks of the 
main magnetic satellites, only a single broad peak, whose 
width was consistent with the scattering from an isolated Ho 
block. The conclusion is that, while the primary magnetic 
satellites show coherence in phase and chirality through the 
nonmagnetic Y blocks, the extra spin-slip features of the 
structures are not coherent from one magnetic block to the 
next. 

Similar measurements 3 have been made for the Ho/Lu 
system. The basic results are very similar to those obtained 
for the Ho/Y system except for: 

(1) The Lu turn angle is 40° and possibly varies more 

from system to system than that of T Y . 

(2) The turn angles for 'V„ are less than those of bulk Ho at 

the same temperature. 
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FIG. 4. The temperature dependence of the coherence length for the basal 
plane ordering of Ho/Er superlatticcs. The data were obtained from the 
scattering along (00/) and have been corrected for the resolution effects 
(Ref 10). 

(3) A basal plane ferromagnetic phase with ^^=0 was ob¬ 
tained at low temperatures below 30 K in samples such 
as Ho 20 Lu 15 , and successive Ho blocks then ordered par¬ 
allel or antiparallel, dependent on the number of Ho lay¬ 
ers. This structure does not occur in bulk Ho and prob¬ 
ably results from the strain of the Ho in Ho/Lu 
superlattices as shown for Dy/Lu superlattices. 7 

III. RESULTS OF Ho/Er SUPERLATTICES 

The Ho/Er superlattices arc of interest because the 
crystal field anisotropy for Er favors alignment of the mag¬ 
netic moments along the c axis. Bulk Er has a longitudinally 
modulated structure below T lV =84 K, which on cooling be¬ 
low 52 K becomes ? cycloidal phase 8 with the moments 
largely confined to the ale plane above 18 K and a cone 
phase below 18 K. Thus, between 84 and 20 K, the crystal 
fields in Er and Ho favor alignment in different directions. 

We have studied several different Ho/Er superlattices. At 
high temperatures, above the ordering temperature of bulk 
Er, the results are qualiiatively similar to those of the Ho/Y 
systems. There is a long-range cohe r ent basal plane helical 
structure, and fits suggest that there is a negligible moment 
associated with the Er atoms and that the turn angle in the Er 
is 51 ±1°. The turn angle associated with the Ho is similar to 
that of bulk Ho. This result shows that the long-range basal 
plane order propagates through the Er layers even without 
simultaneously ordering the Er moments. The magnetic co¬ 
herence length of the structure is many superlattice periods 
~600 A. Similar results 9 have been found in Dy/Er superlat¬ 
tices above 85 K. 

On cooling below the erbium transition temperature the 
scattering changes. First, the width of the peaks along (00/) 
increased, showing tha* the correlation length associated 
with the basal plane structure decreases; see Fig. 4. Second, 
the scattering along (10/) consisted of sharp peaks, presum¬ 
ably associated with the basal plane structure and, in addi¬ 
tion, a broad peak, as shown for the Ho 2( /Er 22 sample at 8 K 




Wave-vector Transfer (A ') 


FIG. 5. The scattering (Ref. 10) observed for a scan along (10/) for the 
Ho, 0 Er 22 system at 8 K. The fit is to a scries of Gaussian peaks, the narrow 
peaks arise from the basal plane ordering and the broad peak from the 
longitudinal ordering. The latter peak gives a correlation length of about the 
thickness of a single Er layer. 


in Fig, 5. Fits to Gaussian peaks show that the widths of the 
sharp components increase in the same way with decreasing 
temperatures as the peaks observed along (00/), while the 
broad peak has a width corresponding to scattering from a 
single Er block and a position to a turn angle similar to that 
of bulk Er at the same temperature, see Fig. 6. 

A model which accounts for this behavior assumes that 
the Ho moments align in a basal plane helix, while the Er 
moments align in an a/c cycloid with the basal plane com¬ 
ponents of the cycloid coherent with the Ho moments, but 
the sense of rotation of the cycloid is randomly clockwise or 
anticlockwise, destroying any coherence of the c-axis mo- 
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FIG 6 The turn angles, 'T /; and for the holmium and erbium moments 
(from the broad longitudinal peak) The Ho values are the filled symbols and 
solid line for the bulk while the Er values are the dashed line and open 
symbols The symbols correspond to Ho 2 oEr 22 (A), Hoi 0 Er 20 (*), anti 
llo 4 ,Er, ( i (O) 
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ments between the different Er layers. This model is clearly 
consistent only if the Ho and Er turn angles have values such 
that the different structures match up at the boundaries of the 
layers. Full details of the models will be published 
elsewhere. 10 

The lack of the long-range coherence, particularly for 
the c-axis, was surprising because long-range coherence has 
been observed in the Er/Y system. 11 

IV. SUMMARY AND DISCUSSION 

The magnetic structures of Ho/Y, Ho/Lu, and Ho/Er su¬ 
perlattices have been determined using neutron-scattering 
techniques. The results for Ho/Y and Ho/Lu superlattices are 
qualitatively similar to those of Dy/Y and other superlattices, 
in that long-range coherent magnetic structures are produced 
in which the order propagates through the nonmagnetic lay¬ 
ers. As for Dy/Y and Dy/Lu superlattices, 1-7 the strain in the 
Ho/Y layers means that the Ho turn angle is larger than in 
bulk Ho, while in the Ho/Lu layers it is smaller. The basal 
plane anisotropy leads, at low temperatures, to spin-slip 
commensurate structures within each Ho layer, but there is 
no coherence of the spin-slip aspects of the structure from 
one layer to u.’ next. In the case of the Ho/Lu superlattices, 
there is a new phase in which the Ho forms basal plane 
ferromagnetic layers which are oriented either ferromagneti- 
cally or antiferromagnetically with neighboring layers. 

The Ho/Er structures are more complicated because the 
Er moments are aligned by the crystal field along the c axis. 
Above the ordering temperature of Er, the structure is a long- 
range helical ordering, similar to that of the Ho/Y superlat¬ 
tices but with zero net moment on the Er atoms. On cooling 
Er below the ordering temperature, the correlation length de¬ 
creases for the basal plane ordering and the results are con¬ 
sistent with the holmium ordering as a basal plane helix and 
the erbium in a cycloidal, «/c-planc structure. The basal 
plane moments of both the Ho and Er are coherent over 
several superlattice repeats, but tite c-axis Er moments are 
coherently ordered only over single Er layers. Different parts 
of the cycloidal ordering are randomly clockwise or anti¬ 
clockwise in sense. 

Part of the importance of these results lies in the infor¬ 
mation they provide about the nature of the magnetic inter¬ 
actions in the superlattices. Conventionally the magnetic in¬ 
teractions are taken to be of the RKKY form, which suggests 
an interaction of the form S[.S 2 , of a magnitude which os¬ 
cillates in sign with a period determined by the Fermi sur¬ 
face. This interaction is of long range and has usually been 
taken to explain the propagation of the magnetic ordering 
through quite large nonmagnetic Ho blocks. In the absence 
of more detailed calculations, however, we do not find this 
wholly convincing. The long-range orde. propagates through 
Y and Lu layers containing as many as 30 planes of Y in 
each layer. This is much longer range than the exchange 
constants deduced from spin-wave measurements of the bulk 
rare earths 8 which we believe give a better estimate of the 
RKKY interaction than the calculations. 1 Furthermore, the 
transition temperatures of the Ho/Y superlattices decrease 
only slightly as the Ho layer thickness decreases, and are 


largely independent of the Y layer thickness. 2 They are con¬ 
sistently higher than those of the Ho/Y alloys with the same 
average composition. Finally, when the Ho/Lu superlattices 3 
or the Gd/Y or Dy/Y superlattices 1 order into basal plane 
ferromagnetic layers, the ordering through the Lu layers 
changes from propagation of a helical ordering to an order¬ 
ing which is either ferromagnetic or antiferromagnetic. This 
change in ti.e effect of the Y layers is inconsistent with the 
simple RKKY interaction, and not convincingly explained by 
existing calculations. 12 

The results for the Ho/Er system are also not readily 
understood. How does the order propagate through the Er 
layers above T N for Er without producing ordering in the Er 
layers? Once the Er moments begin to order, it is difficult to 
understand why the coherence length of the basal plane or¬ 
dering decreases, or why there is no propagation of the lon¬ 
gitudinal ordering through the Ho layers, as would be ex¬ 
pected if the interaction had the simple S, ,S 2 form. 

One possible explanation of the results is to consider the 
band structure of the magnetically ordered structure, when 
the electrons at the new superzone gaps, must have 
conduction-band spin-wave functions associated with the na¬ 
ture of the magnetic ordering. 1 ’ This then leads to a long- 
range interaction only if the metals have similar band struc¬ 
tures and for only the spin ordering which forms the initial 
spin-density wave. We intend exploring this model else¬ 
where. 
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Epitaxial ferromagnetic MnAs thin films grown by molecular-beam epitaxy 
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We have studied structural and magnetic properties of epitaxial MnAs thin films with various 
thicknesses (L = 1.0-200 nm) on GaAs substrates. The MnAs thin films were grown at 200-250 °C 
on an As-rich disordered c(4X4) (001) GaAs surface by molecular-beam epitaxy (MBE). The 
growth direction of the MnAs was found to be along the [1100] axis of the hexagonal unit cell. 

X-ray spectra of the MnAs at room temperature have two peaks, indicating that the present 
MBE-grown MnAs films consist of the hexagonal ferromagnetic phase and orthorhombic 
paramagnetic phase. Magnetization measurements revealed that the MnAs thin films have perfectly 
square hysteresis characteristics with relatively high remnant magnetization A/ r =300-567 emu/cm 3 
and low coercive field H c =65-926 Oe, compared with those of epitaxial MnGa and MnAl thin 
films reported previously. 


Epitaxial ferromagnetic thin films grown directly on 
semiconductors have generated much interest, since (1) high 
structural quality and submicrometer uniformity is expected 
in epitaxial monocrystalline thin films, leading to high reli¬ 
ability in small scale devices and (2) such heteroepitaxy of 
dissimilar materials can lead to a new class of device appli¬ 
cations having properties both of ferromagnetic materials 
and of semiconductors. 1 Among a number of material 
choices, using III-V compound semiconductors like GaAs as 
a substrate allows the coupling of magnetism with high¬ 
speed semiconductor electronics/photonics, offering a wide 
range of possibilities for the fabrication of new hybrid 
magnetic-semiconductor devices. However, none of the el¬ 
emental metals can meet the following stringent require¬ 
ments: the ferromagnetic metals must grow epitaxially on 
GaAs, must be thermodynamically stable with no reaction 
with GaAs, and must be morphologically stable on GaAs." 

We have found that some metallic compounds can sat¬ 
isfy these requirements. 3-6 Ferromagnetic tetragonal MnAl 3,4 
and MnGa, 5,6 Mn-based metallic compounds having com¬ 
mon Ill-column atoms with AlAs and GaAs, have been 
grown by molecular-beam epitaxy (MBE) on GaAs sub¬ 
strates. Furthermore, very recently, we have successfully 
grown another ferromagnetic metallic compound, MnAs, by 
MBE on GaAs substrates. 7 This magnetic binary compound 
based on arsenic is more compatible with conventional III-V 
MBE. Though we have reported the initial results on the 
MBE growth on MnAs thin films on GaAs, 7 no detailed and 
systematic studies have been done on the MnAs/GaAs sys¬ 
tem. In this paper, we present structural and magnetic prop¬ 
el ties of the epitaxial MnAs with various thicknesses (L 
= 1.0-200 nm) grown on (001) GaAs substrates. 

In the bulk Mn-As system, MnAs at the stoichiometric 
composition (Mn 5() As 5 o) has a thermodynamically stable fer¬ 
romagnetic phase (a phase) at room temperature. 8 The Curie 


temperature of the ferromagnetic aMnAs is 40 °C, slightly 
above room temperature. The crystal structure of the aMnAs 
is hexagonal of NiAs type, with lattice constants of 
a =0.3725 nm and c=0.5713 nm, as shown in Fig. 1. At the 
stoichiometric composition, this ferromagnetic MnAs phase 
extends up to 40 °C, and paramagnetic /3MnAs of a MnP- 
type orthorhombic structure (with lattice constants of 
a =0.366 nm, 6=0.636 nm, and c=0.572 nm) and paramag¬ 
netic yMnAs of a NiAs-type hexagonal structure exist at 
40-125 °C and above 125 °C, respectively. 

The MBE growth was performed in a conventional III-V 
MBE machine (Riber 2300) with a Mn effusion cell. After 
growing a 100 nm thick undoped GaAs buffer layer on a 
(001) GaAs substrate at 5°0 °C, the substrate temperature T s 
was cooled to - 200 °C, watching the reflection high-energy 
electron-diffraction (RHEED) patterns. During the cooling 
process, the surface reconstruction of the GaAs changed 
from (2X4) to c(4X4) in the RHEED. When the As 2 flux 


Hexagonal MnAs Unit Cell 

|00011 
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__*,(11001 
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FIG I The crystal structure of the ferromagnetic MnAs is hexagonal of 
“'Present address Department of Electrical Engineering, University of To- NiAs type, with lattice constants of a -0 3725 nm and c-05713 nm The 
kyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan growth direction is also shown in the figure 
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FIG 2. X-ray spectrum of a MBE-grown 50 nm thick MnAs film along the 
direction perpendicular to the substrate, measured at room temperature 
(20 °C). 


was supplied to the c(4X4) GaAs surface for a few minutes 
at 200 °C, the surface reconstruction changed from c(4x4) 
to disordered c(4X4) surface [r/(4X4)j, where the half or¬ 
der streaks in the RHEED are weakened, indicating disorder 
caused by the accumulation of extra As atoms. 9 Then the Mn 
shutter was opened to grow MnAs thin films with various 
thicknesses (L = 1.0-200 nm) on the r/(4X4) GaAs surface at 
200-250 °C with a growth rate of ~50 nm/h. The As/Mn 
ratio was set at 2.0-5.0. Under these growth conditions, the 
growth rate of MnAs is determined only by the Mn flux as in 
the growth of GaAs and related UI-V semiconductors. 

Figure 2 shows an x-ray spectrum of a 50 nm thick 
MnAs along the direction perpendicular to the substrate, 
measured at room temperature (20 °C). Similar x-ray results 
were obtained for all the other MnAs thin films grown under 
the same growth procedure and conditions. A huge peak at 
31.6° is the (002) reflection of the GaAs substrate. The other 
two peaks around 28° are from the MnAs thin film. The 
stronger peak shows a lattice spacing of d= 0.321 nm, cor¬ 
responding to the (1100) reflection of hexagonal aMnAs. 
This indicates that the growth direction of the ferromagnetic 
MnAs is along the [1100] (see Fig. 1). A minor peak is also 
seen at the shoulder of the major peak, showing a lattice 
spacing of 0.317 nm, which corresponds to the (020) reflec¬ 
tion of the orthorhombic /?MnAs. In bulk MnAs, the 
hexagonal-orthorhombic transition is known to occur at the 
Curie temperature (7' c =40°C) through very slight lattice 
distortions, since the two structures are very similar. In the 
present MBE-grown MnAs films, the paramagnetic /SMnAs 
coexists with ferromagnetic aMnAs at room temperature 
(20 °C), though the major part of the film is the a phase. The 
reason for the existence of the fi phase below 7\ is unclear, 
but its formation might be the way MnAs relaxes the strains 
caused by the misfit to the GaAs substrate. 

To investigate the epitaxial relationship m the present 
MnAs/GaAs system, RHEED patterns were observed along 
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FIG 3. M-H characteristics of a 50 nm-thick MnAs at room temperature 
(20 °C), when the magnetic field was applied along the [1120] axis of MnAs 
(//[HO] GaAs). Almost perfectly square hysteresis characteristics arc seen. 


various azimuths during the growth. The RHEED measure¬ 
ments showed that the in-plane lattice constants are very 
close to those of hexagonal crMnAs, and the epitaxial rela¬ 
tionship was found to be [1120] [0001] MnAs//[l 10][110] 
GaAs. 

We have performed magnetization measurements on the 
MnAs thin films, with the thicknesses ranging from 1 to 200 
nm, at room temperature using vibrating sample magnetom- 
etry. All the MnAs films have strong magnetic anisotropy, 
and the easy magnetization axis was found to be in plane, 
along the [1120] axis of the hexagonal lattice of MnAs, 
which is parallel to the [110] axis of GaAs. Almost perfectly 
square hysteresis characteristics were seen as shown in Fig. 
3, which is taken from the 50 nm thick MnAs, when the 
magnetic field was applied along the [1120] axis of MnAs 
(//[110]GaAs), whereas almost no hysteresis was observed 
when the field is applied along the [0001] (c axis) of MnAs 
(//[110]GaAs) or perpendicular to the film plane. This indi¬ 
cates that the MBE-grown MnAs thin films have strong mag¬ 
netic anisotropy. We find this to be true for all thicknesses 
studied (1.0-200 nm). The values of remnant magnetization 
M r and coercive field H c of the 50 nm MnAs are 567 
emu/cm 3 and 396 Oe, respectively, as shown in Fig. 3. This 
M r value is slightly lower than that of bulk MnAs (600-700 
emu/cm 3 ), but much higher than the best values (225-270 
emu/cm 3 ) we have obtained for MBE-grown MnGa 5 and 
MnAl 10 thin films. The H c value of the MnAs is much lower 
than that (1.1-5.0 kOe) of the MnGa and MnAl. The high 
M r and low H c with perfect squareness in the hysteresis 
characteristics are very attractive for future device applica¬ 
tions including magnetic digital memory. 

Figure 4 shows the thickness dependence of the room- 
temperature (20 °C) magnetic properties, saturation magneti¬ 
zation M , and coercive field H c of the epitaxial MnAs thin 
films on GaAs. The thickness dependence of the M , is pecu¬ 
liar, having its maximum value at a thickness of 50 nm. The 
decrease of A/, when the thickness is greater than 50 nm 
could be related to the increase of surface roughness and 
deterioration of the epitaxial quality, as observed in the 
RHEED. The value of H c increases from 65 Oe at 1 nm to 
926 Oe at 10 nm, taking the maximum value, and then de¬ 
creases again to 108 Oe at 200 nm. Some very thin films of 
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FIG. 4. Thickness dependence of the room-temperature (20 °C) magnetic 
properties, saturation magnetization M s and coercive field H c of the epitax¬ 
ial MnAs thin films on GaAs 

Fe and Co have been reported to show low coercive fields 
that increase with thickness. 11 ' 12 On the other hand, the de¬ 
crease of H c may result from structurally related phenomena 
that affect the nucleation and movement of magnetic do¬ 
mains. These behaviors of M s and coercive field H c are not 
fully understood at this stage, but it is important for some 
applications to achieve high M s (>300 emu/cm 3 ) and tailor- 
able H c (50-1000 Oe) in the low-field range (<1 kOe). 

In summary, we have obtained epitaxial ferromagnetic 
MnAs thin films on (001) GaAs substrates by MBE. The 
growth direction of the ferromagnetic aMnAs was found to 
be along the [1100] axis. X-ray measurements showed that 
the MBE-grown MnAs films consist of ferromagnetic 
aMnAs and paramagnetic /JMnAs. Magnetization measure¬ 


ments revealed that the MnAs thin films have perfectly 
square hysteresis characteristics with relatively high remnant 
magnetization M r =301-567 emu/cm 3 and low coercive field 
H c = 65-926 Oe. 
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G. Keramidas of Bellcore for their collaborations and sup¬ 
port. One of the authors (M. T.) acknowledges the constant 
encouragement of Professor T. Nishinaga of the University 
of Tokyo. M. T. also thanks the Japan Society for the Pro¬ 
motion of Science (JSPS) for partial financial support. 
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Co/CoAl magnetic superlattices on GaAs 

J. De Boeck, C. Bruynseraede, H. Bender, A. Van Esch, a) W. Van Roy, and G. Borghs 

IMEC, 75 Kapeldreef, B3001 Leuven, Belgium 

Co/CoAl multilayers are grown by molecular beam epitaxy on AlAs/GaAs (001). CoAl is used as 
a template for the epitaxy of Co. From RHEED and lattice matching considerations bcc Co is 
expected, but thicker Co layers are probably fee with stacking faults. The crystallographic structure 
of the Co layers is unclear at present. Room-temperature magnetization and magnetoresistance data 
are presented. Co/CoAl multilayers with various CoAl thickness all show in-plane magnetic 
anisotropies; along (110). Uniaxial anisotropy along (110) is found to increase with increasing 
thickness of the CoAl layers in the multilayers. The magnetoresistive effect as a function of the 
orientation of the current path and the applied field is ascribed to domain-wall effects and internal 
Lorentz magnetoresistance. 


I. INTRODUCTION 

Metal epitaxy on semiconductors has received great in¬ 
terest over the past years, motivated by the need for stable 
ohmic contacts and Schottky barriers for submicrometer de¬ 
vice structures and buried metal layers for novel devices.’ 
Recently, progress has been made in epitaxy of ferromag¬ 
netic metal thin films on 111-V’s such as elemental Fe 2 and 
Co 3,4 and Mn-III compounds such as MnAl , 5 MnGa 6 on 
GaAs. The combination of ferromagnetic thin films and 
semiconductor heterostructures is expected to lead to novel 
device concepts. Epitaxy of elemental metals on III-V is a 
problem because single-variant epitaxy, morphological 
smoothness, and thermodynamical stability are never simul¬ 
taneously achieved. Fe and Co are known to react with the 
semiconductor at relatively low temperatures and buried thin 
films coalesce upon regrowth. Intermetallic phases, however, 
are more suitable as candidates for stable metal ep : ‘axy on 
semiconductors and a lot of effort has been invested in the 
study of transition-metal aluminides (TMA1) such as NiAl 
and CoAl . 7 8 The lattice parameter of, e.g., CoAl (n 0 =0.2861 
nm) is close to half the lattice parameter of GaAs and to that 
of bcc Co (fl 0 =0.2819 nm), while the large fraction of 
group-ill elements reduces the reactivity at the metal/ill-V 
interface. Furthermore, the use of TM aluminides as tem¬ 
plates and interlayers in magnetic superlattices has shown to 
be successful in ferromagnetic/metallic thin-film heterostruc¬ 
tures such as MnAl/NiAl on AlAs/GaAs.'’ In this work we 
study the use of CoAl as a template for Co epitaxy on GaAs 
and as interlayer in a magnetic Co/CoAl multilayer and 
present data on the magnetic properties of multilayers with 
varying CoAl thicknesses. 


II. EXPERIMENT 

The samples were grown using a Riber 2300 molecular- 
beam epitaxy system equipped with a 10 keV electron gun 
for reflection high-eneigy electron-diffraction (RHEED) ob¬ 
servations during growth. For the evaporation of Co an EPI 


3l ITHV-Catholic University Lernen. Celestijncnlaun 200D, B3001 Leuven, 
Belgium 


high-temperature cell is used with either a BeO or AUO 3 
crucible. For the III-V growth, standard K cells and an EPI 
valved As-cracker source are employed. 

The structure of the samples is characterized using trans¬ 
mission electron microscopy (TEM) and the magnetic prop¬ 
erties are studied using an alternating gradient field magne¬ 
tometer (AGFM 2900, Princeton Meas. Corp.) in addition to 
magnetoresistance measurements. 


III. RESULTS AND DISCUSSION 

Prior to the metal epitaxy, a GaAs buffer is grown on the 
GaAs (001) undoped substrates. On top of the GaAs buffer 
an AJAs layer of 10 nm is grown, the thickness of which is 
controlled using RHEED oscillations. The substrate is sub¬ 
sequently cooled to about 150 °C while the As background 
pressure is reduced by shutting the As valve and reducing the 
temperature in the cracking zone to about 300 °C. At that 
time the Co cell temperature is increased to the operating 
point. Co and A1 beam equivalent pressures are equalized for 
CoAl growth using a Bayard-Alpert gauge. The background 
pressure was reduced below 3X10~’° Torr. 

For the CoAl template, we have adopted the growth se¬ 
quence as described 8 by Tanaka et al. Upon the AlAs (001) 
c(4X4) reconstructed surface, a ML of Co is deposited, fol¬ 
lowed by CoAl codeposition. Although CoAl can be grown 
at 350 °C on AlAs, the lower substrate temperature (150 °C) 
is chosen in an attempt to stabilize Co “bcc .” 4 In this paper 
we report on a set of samples with a heterostructure of 
10 X (6 A Co/l A CoAl) with 2.5 A </< 15 A. The Co thick¬ 
nesses are estimated from CoAl RHEED oscillations and as¬ 
suming a 0 (Co)=0.2819 nm. All samples are terminated by a 
CoAl layer. 

The growth of the heterostructure is monitored using 
RHEED. The intensity of the RHEED specular spot de¬ 
creases during cobalt deposition at 150 °C on the AlAs 
buffer. LIpon deposition of the CoAl layer, the intensity re 
covers and clear oscillations are visible. CoAl adopts the 
structure of the ordered variant of the bcc CsCl (« 0 =0.2861 
nm). Initially, the RHEED streaks are relatively broad, sug¬ 
gesting that initial roughness is present, probably due to in¬ 
teraction of the Co with the As present on the AlAs c(4 x 4) 
surface. The RHEED patterns demonstrate the desirable ep- 
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FIG. 1. RHEED images of (a)-(c) Co and (d)-(f) CoAl layers, forming the 
last period of a (6 A Co/5 A CoAl)X10 multilayer on AlAs/GaAs. The 
images arc taken along different azimuths- (a) and (d) <100), (b) and (c) 
(110), and (c) and (f) <110). 


itaxial relation (001)[110] CoAl||(001)[110]AlAs. Both the 
interface roughness and the epitaxial relation are confirmed 
by TEM. 

A first Co layer was subsequently deposited on the CoAl 
template while rotating the sample holder for optimum uni¬ 
formity until completion of the heterostructure. The rest of 
the structure is fabricated by keeping the Co cell open and 
shutting the A1 periodically. The deposition times for each 
layer are in the range of 30-90 s. The RHEED images dur¬ 
ing growth of all multilayer samples are indicative of epitaxy 
in a cubic phase for both the Co and CoAl layers. Figure 1 
shows a set of RHEED pictures taken from Co [Figs. 1(a)— 
1(c)] and CoAl [Figs. 1(d)—1(f)], forming tne last period of a 
10x(6 A Co/5 A CoAl) multilayer. 

The crystallographic structure of the Co layers is pres¬ 
ently still unclear. Given the close lattice match to CoAl and 
the RHEED data suggesting cube-on-cube epitaxy, one 
would expect the bcc Co phase to appear. Preliminary 
NMR 10 data on multilayer samples with thicker Co («*9 A) 
layers where RHEED showed additional spots around the 
central streak for Co suggest that the Co structure is fee with 
stacking faults, which is surprising given the lattice constant 
of fee Co (a 0 =0.3545 nm) which does not correspond 
closely to CoAl (misfit'®24%). A more detailed structural 
investigation is under way. 

Figures 2(a)—2(,f) show the results of the room- 
temperature in-plane magnetization measurements (MlMs) 
as a function of crystallographic direction, for samples with 
different CoAl spacer thicknesses. For all the samples we 
find an anisotropy in the plane. The saturation magnetization 
(Ms) typically ranges between 650 and 700 emu/cc. 



FIG. 2. AGFM magnetization measurements (300 K) for 10X[Co (6 A)/ 
CoAl (r A)] along the different crystallographic directions, (a), (c), and (e) 
[UO] (full line) (b), (d), and (f), [110], and (d) and (c) (100) (dotted line). 
The CoAl thickness t is varied: 5 (No 1), 10 (No. 2), and 15 A (No 3). 

The samples with 5 A CoAl spacers [Figs. 2(a) and 2(b), 
No. 1] exhibit a steplike M-H behavior with very little rema- 
nence in all directions. A difference between the two or¬ 
thogonal (110) directions is visible. One of these directions 
has a saturation field which is a factor of 3 larger (Hs[l 10] 
= 120 Oe, 9.55 kA/m) compared to the orthogonal [110]. 
With increasing thickness of the CoAl spacers {No. 2: 10 A 
[(c),(d)] and No. 3: 15 A [(e),(f)]}, the uniaxial anisotropy 
becomes more pronounced. The remanence of the [110] di¬ 
rection increases to nearly 100% (Mr=Ms) for CoAl=15 
A, while a steplike hysteresis with small remanence is ob¬ 
served in the orthogonal direction. The (100) directions rep¬ 
resent a hard magnetic axis of the thin film as illustrated by 



FIG 3 AGFM magnetization measurements (300 K) and for (a) and (b) 60 
A CoAl and (cl and to) 36 A Co along (a) and (c) [110] and (b) and (d) 
[HO] 
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FIG. 4. Room-temperature ir.agnctoresistance data from two Co/CoAl mul¬ 
tilayers [(a) and (b), No. 1 and (c) and (d), No. 2; sec text and Fig. 2] with 
different CoAl thicknesses. In all cases the applied magnetic field (H) is 
orthogonal to the easy axis ([lio]), and either (a) and (c) orthogonal or (b) 
and (d) parallel to the current direction. 


the dotted curves in Fig. 2 [(a) and (e)]. Similar uniaxial 
anisotropic behavior has been observed for single layers of 
Fe 11 on GaAs (110) and Co 4 on GaAs (001). 

Besides the thickness of the CoAl spacer layer, its mag¬ 
netic properties will influence the magnetic and transport be¬ 
havior of the heterostructure. It is known 12 that Co-rich CoAl 
behaves ferromagnetically. AGFM measurements (300 K) on 
a 60 A thick CoAl layer on AlAs/GaAs show a very weak 
ferromagnetic behavior of about 17 emu/cc [Figs. 3(a) and 
3(b)], We also tested a 36 A thick Co layer on a CoAl tem¬ 
plate. RHEED showed a complex pattern of additional spots 
indicating structural changes in the cobalt layer. AGFM mea¬ 
surements of this sample are shown in Figs. 3(c) and 3(d\ 
These thicker, single layers of Co and CoAl display the same 
in-plane anisotropic behavior as the Co/CoAl multilayers 
discussed above. 

Figure 4 shows the in-plane magnetoresistance curves 
(300 K) for samples No. 1 and No. 3 (see Fig. 2). The mag¬ 
netic field is applied perpendicular to the easy direction. 
When the current is along the easy axis (and orthogonal to 
. e applied field), the resistance increases from its zero-field 
v. ue to its saturation value (+0.3%) [Figs. 4(a) and 4(c)], 
When the current and the applied field are parallel, the resis¬ 
tance at saturation is about 0.3% lower than the zero-field 
resistance [Figs. 4(b) and 4(d)], In each case, when the mag¬ 
netic field is applied in the direction of the easy axis, the 


resistance of the film does not change appreciably around 
H= 0. For the measurements repeated at 77 K identical re¬ 
sults were observed. This resistance behavior is attributed to 
a combined effect of domain wall and carrier interaction and 
Lorentz magnetoresistance. 13 In the case of resistance de¬ 
crease, the internal Lorentz magnetoresistance is removed at 
saturation. In the case of resistance increase, a larger Lorentz 
action is present at saturation. The influence of the domain 
(wall) structure on the resistance can be important, but the 
actual domain configuration is unknown at present. 

IV. SUMMARY 

The epitaxial growth of Co/CoAl multilayers on AlAs/ 
GaAs is described, using CoAl as a template for cobalt epi¬ 
taxy. The crystallographic structure of the Co layers is un¬ 
clear at present. From RHEED and lattice matching 
considerations bcc Co is expected but thicker Co layers are 
probably fee. Co/CoAl multilayers with various CoAl thick¬ 
ness all show in-plane magnetic anisotropies along (110). 
Magnetoresistive effects at low fields are ascribed to domain- 
wall effects and internal Lorentz magnetoresistance. 

ACKNOWLEDGMENTS 

The authors would like to thank Professor Ewa Jedryka 
(Magnetic NMR Laboratory, Polish Academy of Sciences, 
Warsawa, Poland) for the NMR measurements. C. Bruynser- 
aede acknowledges financial support from the IWONL (Bel¬ 
gium). W. Van Roy acknowledges financial support as a Re¬ 
search Assistant of the National Fund for Scientific Research 
(Belgium). 

‘T. Sands, C J. Palmstrrtm, J. P. Harbison, V. G. Kcramidas, N Tabatabaic, 
T. L. Cheeks, R. Ramcsh, and Y. Silbcrbcrg, Mater. Set. Rep. 5, 99 (1990). 
: J. J. Krebs, B. T. Jonkcr, and G. A. Prinz, J. Appl. Phys. 61, 2596 (1987); 
G. A. Prinz, Science 250, 1092 (1990) 

5 G. A. Prinz. Phy,. Rev. Lett. 54, 1051 (1985). 

J S. J. Blundell, M. Gcstcr, J. A. C. Bland, C. Daboo, E. Gu, M. J. Baird, 
and A. J. Ives, J. Appl. Phys. 73, 5948 (1993) 

S T. Sands, J P Harbison, M. L Lcadbcaler, S. J. Allen, Jr., Cr. W. Hull, R. 
Ramesh, and V. G. Kcramidas, Appl. Phys Lett. 57, 2609 (1990) 

6 M. Tanaka, J. P. Harbison, J Dc Bocck, T. Sands, B. Philips, T. L. Checks, 
and V. G, Kcrar idas, Appl Phys. Lett 62, 1565 (1993). 

7 T. Sands, J. P. Harbison, R. Ramcsh, C. J. Palmstrdm, L. T. Florez, and V. 
G. Kcramidas, Mater Sci Eng. B 6, 147 (1990). 

S M. Tanaka, N Ikarashi, H. Sakakibara, K. Ishida, and T. Nishinaga, Appl. 
Phys. Lett. 60, 835 (1992). 

9 M. Tanaka, J. P. Harbison, T. Sands, B. Philips, T. L. Cheeks, J. De Boeck, 
L. T. Florez, and V. G. Keramidas, Appl. Phys. Lett. 63, 839 (1993). 

10 E. Jedryka (private communication). 

"G. A Prinz, G. T. Rado, and J. J. Krebs, J. Appl. Phys. 53, 1087 (1982). 
12 S. R. Butler, J. E. Hanlon, and R. J. Wasilewski, J. Phys. Chcm. Solids 30, 
1929 (1969). 

13 S. S. P Parkin, Appl. Phys. Lett *3, 1989 (1993) 


J. Appl. Phys., Vot. 76, No 10, 15 November 1994 


De Boeck el at. 6283 




Investigations of the interplay between crystalline and magnetic ordering 
in Fe 3 04/Ni0 superlattices 
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Using SQUID magnetometry and both x-ray- and neutron-diffraction techniques, we have studied 
the structural and magnetic ordering of a series of Fe 3 0 4 /Ni0 superlattices grown by MBE. X-ray 
diffraction reveals that the superlattices are coherent, single phase crystals with narrow interfaces. 

Symmetry differences between the Fe 3 0 4 spinel and NiO rocksalt structures lead to interfacial 
stacking faults, manifested in some diffraction intensities. Analysis of the neutron-diffraction spectra 
show that the NiO antiferromagnetic ordering is coherent through several superlattice bilayers, 
while the Fe 3 0 4 magnetic ordering is confined to individual interlayers by stacking faults in all 
superlattices but those with thinnest (*£1.0 A) NiO interlayers. Neutron diffraction and SQUID 
magnetometry have been used to study the Fe 3 0 4 Verwey phase transition in thin-layered 
superlattices. The charge ordering in superlattices such as [Fe 3 0 4 (75 A)|NiO (9 A)] 500 , below the 
Verwey transition, directly observable in (4, 0, 1/2) neutron intensities, indicates a shift to higher 
temperature of the charge ordering transition from the bulk Fe 3 0 4 r Vcrwey at 123 K. We also describe 
ongoing efforts to extract the moment distribution in these superlattices from field dependent 
high-angle neutron diffraction. 


I. INTRODUCTION 

We report recent studies of the magnetic ordering in 
multilayers composed of iron oxide and nickel oxide. The 
iron oxide is prepared in the magnetite spinel (Fe 3 0 4 ) phase 
which orders ferromagnetically, and the nickel oxide in its 
rocksalt-structured cubic phase which orders antiferromag- 
netically. Both of these materials order magnetically with 
short-range coupling, allowing us to study effects due to the 
local interfacial magnetic coupling and interfacial-driven 
strain. Studies of the structural and magnetic ordering of 
these layered materials have been performed by combining 
SQUID magnetometry with neutron- and x-ray-diffraction 
techniques. 

II. CRYSTAL GROWTH AND CHARACTERIZATION 

For this work oriented single-crystalline thin films of 
NiO and Fe 3 0 4 , and superlattice structures composed of 
these two materials, have been grown on polished (100)- 
oriented MgO substrates using oxygen plasma-assisted 
molecular-beam epitaxy. 1 NiO, MgO, and Fe 3 0 4 , each cubic 
crystalline structures, exhibit good pseudomorphic growth on 
each other due to the small lattice mismatch (0.3%-0.9%) 
among the cubic rocksalt structure of NiO and MgO and the 
half spacing of the cubic spinel Fe 3 0 4 structure. These 
single-crystal structures have excellent repeat regularity and 
high crystalline coherence. The high degree of superlattice 
coherence is observable in data taken for x-ray (400) and 
neutron (222) peaks, in Fig. 1, for scans along the crystal 
growth direction for a [Fe 3 0 4 (75 A)|NiO(9 A)] 500 superlat¬ 
tice. The sharpness of the interfacial structures formed is 
indicated by the large number of superlattice sidebands, and 
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the tact that the peaks do not broaden with increasing Q is a 
function of the high repeat regularity of the superlattices. The 
growth mode and structure of these films has been studied 
using x-ray, neutron, and in situ electron diffraction, with 
supportive work done using electron microscopy. 1-3 We re¬ 
port briefly the characterization of our films with these meth¬ 
ods, and then address the present work. 

X-ray and neutron diffraction indicate that individual 
layers down to 8.5 A thick grow single crystalline, with the 
in-plane lattice spacing expanded to align in registry with the 
MgO srbstrate lattice. This is accompanied by a small layer- 
thickness-dependent tetragonal lattice distortion due to the 


|Fc 3 0 4 (75A)INiO(9A))5oo 



FIG. 1 (a) Room-temperature x-ray-diffraction scan through the (400) re¬ 
flection for the [Fc 3 0 4 (75 A)|NiO(9 A)] 5W superlattice as a function of the 
the wave vector Q x along the crystal growth direction, with the Q vector 
indexed relative to the position of the central Bragg peak, (b) Neutron- 
diffraction scan at 80 K through the (222) peak of the same sample. The 
central Bragg reflection is partially obscured by scattering from the MgO 
substrate, which is indicated by a dashed line 


6284 J Appl Phys 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6284/3/$6.00 


© 1994 American Institute of Physics 






Q(x) Q(x) 


FIG. 2. Intensity profiles for (111) neutron reflection along [100] from a 
[Fe 3 0 4 (33 A)|NiO(67 A)]^ superlattice at 30 K (a) at zero field (in rem- 
nance) and (b) at 5 T applied field. The dashed line is the Gaussian fit to the 
intensity of the broad (Fc 3 0 4 ) component, and the solid line is the sum of 
the two (NiO and Fe 3 0 4 ) Gaussian fits. Note the trends in the broad (Fe 3 0 4 ), 
and narrow (NiO) components with field. 

epitaxial and interfacial lattice mismatches. 2 The crystalline 
coherence of the layered structures are long range (>1500 
A), 1-2 although coherence of the Fe 3 0 4 layers across inter¬ 
vening NiO interlayers (of thickness >15 A) is limited by 
interfacial stacking faults. Although the underlying oxygen 
sublattice in the NiO and Fe 3 0 4 structures is continuous 
across the interfaces, alignment of Fe tetrahedral sites in 
Fe 3 0 4 is not uniquely defined with respect to that oxygen 
sublattice, and thus there is not a unique alignment of Fe 3 0 4 
unit cells across the intervening NiO spacer layers. The ac¬ 
companying reduction in Fe 3 0 4 coherence has been 
modeled 3 using a Hendricks-TeMer description of the stack¬ 
ing faults. 4 

III. NEUTRON DIFFRACTION 

Neutron diffraction indicates that the NiO orders antifer- 
romagnetically in alternating (111) planes with a magnetic 
coherence that extends over several superlattice bilayers, and 
that coupling to adjacent Fe 3 0 4 layers with a higher 
(r c =858 IO ordering temperature causes an enhancement in 
the NiO Neel temperature above bulk T N (520 K) in thin¬ 
layered superlattices. 2 ’ 3 The Fe 3 0 4 magnetic coherence is 
limited to individual layers in all superlattices but those with 
the thinnest NiO interlayers by the structural stacking faults. 
The nature of this extended coherence in thinnest NiO- 
layered superlattices is not entirely understood. Although the 
highest temperature accessible with those studies (675 K) is 
far below the Fe 3 0 4 Curie Temperature in the films, the re¬ 
sults indicated that the NiO ordering enhancement is consis¬ 
tent with a mean field-type model that includes strong mag¬ 
netic coupling across the interfaces. 3 

In the present work, one of our studies focused on the 
magnetic ordering of layered Fe 3 0 4 and NiO structures as a 
function of applied field between 0 and 5 T. The studies were 
performed on BT-9, a triple-axis spectrometer at the National 
Institute of Standards and Technology reactor. During the 
experiments, the superlattices and thin films were aligned 
with the surface normal [400] and one of the [022] in-plane 
axes in the scattering plane to allow access to the (222), 
(111), and (022) reflections. The normal to the scattering 
plane (the [022] direction) is chosen to be the externally 
applied field direction. We find changes with increasing field 


in the (111) and (022) neutron reflections, comprised in part 
from the magnetic scattering from the individual Fe 3 0 4 and 
NiO layers. These changes suggest that the spins reorient 
with respect to the applied field direction in a manner con¬ 
sistent with bulk results. Figure 2 shows intensity profiles 
*tong [100] for the (111) reflection from a [Fe 3 0 4 (33 
A)|NiO (67 A)] 300 superlattice (a) at zero applied field (in 
remnance) and (b) at 5 T. 

Because of the short-range magnetic ordering of the 
Fe 3 0 4 layers and the long-range ordering of the NiO layers 
within the superlattices, the (111) neutron reflection intensity 
can be separated into two overlapping profiles, one short and 
broad, and the other tall and narrow. 3 The former has a large 
contribution from the Fe 3 0 4 ferrimagnetic ordering, and the 
latter is due entirely to NiO antiferromagnetic ordering. In 
the superlattices, the NiO peak intensity decreases, and the 
Fe 3 0 4 intensity increases, with increasing applied field. 
These changes in intensity may indicate an in-field low- 
energy state for the NiO layers with moments aligned per¬ 
pendicular to the applied field (and probe direction), while in 
the Fe 3 0 4 layer moments align parallel to the applied field. 
Neutron scattering also indicates that the saturation fields for 
these samples are larger than in bulk. In addition, in the 
superlattice spectra, Fe 3 0 4 neutron linewidths show no 
change with field, but the NiO peak shows a small but con¬ 
sistent broadening trend with increasing field. This broaden¬ 
ing indicates a reduction of NiO coherence length and do¬ 
main size with increasing field. An equivalent broadening of 
neutron reflections with increasing field is not seen in either 
bulk or single-thin-film NiO samples. 

Another sequence of studies we performed dealt with the 
influence of superlattice layering on the Verwey transition 
manifested in the iron oxide layers. The interlayer coupling 
and strain of the superlattice structure affects temperature 
and form of the Fe 3 0 4 Verwey transition, a magnetic, con¬ 
ductivity, and structured transformation that accompanies a 
charge ordering of the Fe +3 and Fe +2 ions in magnetite. The 
Fe 3 0 4 Verwey transition in the bulk (—123 K) is highly sen¬ 
sitive both to the exact stoichiometry of the iron oxide and to 
the presence of strain, and is accompanied by a lattice dis¬ 
tortion to an orthorhombic structure, a large step downward 
in electron conductivity, and a shift in magnetic anisotropy, 
as the sample is lowered below the ordering temperature in 
the iron spinel materials. 

Recently, Aragon et air have used neutron-diffraction 
techniques to investigate the Verwey transition in bulk 
Fe 3 0 4 , on single-crysta'itne samples of about 1 cm 3 volume. 
One sample in their study was prepared with exact Fe 3 0 4 
stoichiometry, while another was deficient in iron (Fe 3 _/) 4 
with 5=0.006). The charge ordering was manifested by the 
presence of reflections which appear below the Verwey tran¬ 
sition (I—123 K) at the (4 n, 0, 1/2) positions. The line 
shapes and temperature dependence of these peaks were used 
to study the nature of the charge ordering of the below- 
Verwey state. The charge ordering present below the transi¬ 
tion temperature loses its long-range coherence due to lack 
of available charge in the nonstoichiometric sample, as evi¬ 
denced by a broadening of the peak line shape, and a smear- 


J. A"pl. Phys., Vol 76, No. 10,15 November 1994 


Lind et at. 6285 







FIG. 3. Two-dimensional plot of the intensity for neutron reflection around 
the (4, 0,1/2) peak at 80 K for scattering from a [Fe 3 0 4 (75 A)|NiO(9 A)]^ 
superlattice. The reflection is partially obscured by a ridge of intensity due 
to the (400) reflection from the MgO substrate, and appears as a shoulder on 
the edge of the ridge (shaded area). Inset: Temperature dependence of the (4, 
0, 1/2) reflection. The total intensity decays to the ridge background inten¬ 
sity (dashed line), indicating the extinction of the reflection peak intensity 
by 127 K 


ing and lowering of the transition temperature, when com- 
pated to the pure Fe 3 0 4 sample. 

We have performed comparable measurements to probe 
the Verwey transition in a small subset of our grown films 
and superlattices , 6 which have a sample volume a factor of 
1000 times less than those used by Aragon et al. The charge 
ordering, manifested by the appearance of the (4, 0, 1/2) 
peak, is seen both for a thick (3 ya.ni) Fe 3 0 4 film and for one 
of our superlattices, a sample containing very thin NiO 
layers—[Fe 3 0 4 (75 A)|NiO (9 A)] 500 . Figure 3 shows the 
(4, 0, 1/2) peak for thi« latter sampie superimposed on an 
intensity ridge associated v i'll the MgO substrate (400) peak. 
The data in the figure \w:u i -i.en at 80 K, well below the 
Verwey ordering temperature. The inset in Fig. 3, also for the 
[Fe 3 0 4 (75 A)|NiO (9 A)] 5()0 supeilattice, shows the inte¬ 
grated intensity of the (4, 0, 1/2) peak as a function of tem¬ 
perature near the Verwey transition. We can track this inten¬ 
sity to obtain an order parameter for the Verwey charge 
ordering, and obtain a transition temperature of about 128 K, 
several degrees above the bulk stoichiometric 7\, crwey . Reso¬ 
lution limits do not allow for a full determination of whether 
the Verwey charge ordering is truly long range. 

The amplitude of the temperature-dependent (4, 0, 1/2) 
peak follows another signal of the Verwey transition quite 
well: SQUID measurements at low applied fields (~1000 


Oe) of the moment in the film, a technique for probing the 
Verwey transition first employed by Weiss and Forrer . 7 This 
method also gives a transition temperature for the superlat¬ 
tice increased to about 128 K. Since only a depression of the 
transition temperature due to nonstoichiometric samples has 
been previously observ. i, either by Aragon et al. 5 or in ear¬ 
lier work by Honig and co-workers , 8 we feel it is likely that 
the increase seen here is due to the strain in the superlattice, 
an effect which is being studied further . 6 For other superlat¬ 
tice samples, the ordering due to the Verwey transition with 
increasing NiO layer thickness is found to be entirely sup¬ 
pressed by the superlattice structure, and may be further evi¬ 
dence of increasing strain in the Fe 3 0 4 layers. 

We conclude that neutron diffraction, when supported by 
other complementary techniques, shows strong evidence for 
the influence of interfacial coupling and strain on the mag¬ 
netic and structural ordering of layered iron oxide and nickel 
oxide heterostructures. The magnetic-field response of the 
ordering shows modifications from bulklike behavior influ¬ 
enced by interfacial coupling. Also, the Verwey transition, 
clearly associated with both structural and magnetic ordering 
effects, is shifted to higher temperature in the thin NiO- 
layered superlattice, and entirely suppressed in thicker NiO- 
layered samples. 
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Epitaxial Y 3 Fe 50 1 2 (YIG)/Bi 3 Fe 5 0 1 2 (BIG) and YIG/EU]Bi 2 Fe 5 0 12 (EBlG) heterostructures have 
been grown on [111] oriented single-crystalline gadolinium-gallium-gamet substrates by pulsed 
laser deposition. The effects of the layer thickness ratios on the composition, microstructure, and 
magnetic properties of the films have been studiei employing x-ray diffract'on, Rutherford 
backscattering spectroscopy, vibration sample magnetometry, and Kerr magnetometry. All films 
under investigation are single crystalline, in the [111] orientation. The multilayered heterostructures 
displayed superior magnetic properties in comparison to their single crystalline monolayer 
counterparts, deposited at the '■ame conditions. The YIG/BIG heterostructures indicate increased 
in-plane saturation magnetic moments, approaching the maximum saturation value in bulk Y1G. The 
YIG/EBIG heterostructures show a definite reorientation of the magnetic moment in the 
out-of-plane direction, a new set of increased saturation magnetization values that go even above 
that recorded for the bulk YIG, as well as an increase in coercivity. 


The magneto-optical rewritable media embody the com¬ 
bination between the relatively infinite writing capability of a 
magnetic material with the mechanical system stability of an 
optical reading device and the high recording density of an 
optical medium. However, this imposes new constraints on 
the properties of these novel materials, as well as raising new 
challenges from a materals science point of view, Such re¬ 
quirements as perpendicular magnetic anisotropy, large mag¬ 
netic coercivity, stable material structure, good corrosion re¬ 
sistance, low medium noise, fairly low Curie temperatures, 
and high magneto-optical effects are just a few in a large list. 
The launch of the first generation of commercially viable 
rewritable magneto-optical devices has already increased the 
storage capacity of the 3.5 in. disk format by an order of 
magnitude, compared to magnetic floppies. Yet this first gen¬ 
eration of magne o-optical media is operating in the long- 
wavelength (infrared) range of the spectrum, intrinsically 
implementing a density limit on the read information (since 
the physical size of the data unit is diffraction limited by the 
wavelength of the reading radiation). The operation of the 
present media in a lower wavelength regime (such as green 
or even blue radiation) is made impractical by the low 
magneto-optical effect response of the material. Hence new 
materials are being considered for the next generation of 
magneto-optical storage media. 

Three material systems are considered the front runners 
on the list of new potential candidates for magneto-optical 
applications: the rare-earth transitional metal alloys, the 
Co/Pt multilayers, and the ferrimagnetic iron garnets. Each 


of these systems offer attractive features, while displaying a 
series of disadvantages. 

The rare-earth iron garnets have the highest magneto¬ 
optical response in the green blue range, display an unsur¬ 
passed corrosion resistance, and the rather loose structure, 
while extremely complicated, is capable of accommodating a 
large variety of ionic species. Furthermore, the position of 
the ions in the structure, being solely detei mined by the ionic 
radius, is completely unambiguous (such as in the spinel 
structure). Among the disadvantages, one can cite the high 
deposition temperature of the ganiet phase and the relatively 
low signal-to-noise of the polycrystalline garnet films. 

A large variety of chemical species may be substituted in 
the garnet lattice, resulting in different magnetic and 
magneto-optical properties. Because the garnet structure con¬ 
tains four sublattices, of which the oxygen sublatiice is com¬ 
mon to all garnets, an epitaxial deposition of layers of gar¬ 
nets with different compositions can easily be achieved. 

We have grown by pulsed laser deposition (PLD) a se¬ 
ries of thin-film superlattice heterostructures of rare-earth 
iron garnets, on [111] oriented single crystalline paramag¬ 
netic gadolinium-gallium-garnet (GGG) substrates. Layers 
with the following sto ; chiometries were grown: 
Y 3 Fe 5 0 12 (YIG), Bi 3 Fe 5 0 12 (BIG), and Eu,Bi 2 Fe 5 0 12 (EBlG). 
a 248 nm KrF excimer laser, with an energy density of 3.3 
J/cnr and a frequency of 10 Hz, was used for film deposi¬ 
tions. The depositions were carried out in 0 2 ambient at pres¬ 
sures between 100 and 700 mTorr, and temperatures were 
between 500 and 800 °C for all single layer structures. The 
multilayer films were all grown at 600 °C for reasons out- 


J Appl. Phys 76 (10), 15 November 1994 


0021-8979/94/76(10)/6287/3/$6.00 


© 1994 American Institute of Physics 6287 



200 



FIG. 1. Typical two layer YIG/BIG heterostructure with the corresponding 
unit cell. 

lined elsewhere. 1 All films were cooled at an average 10 °C/ 
min, in an 0 2 ambient with a pressure of 1 atm. 

Figure 1 shows a typical two layer YIG/BIG heterostruc¬ 
ture with the corresponding unit cell. For simplicity, only the 
positive ions positions are shown. Note that in going from 
the YIG layer to the BIG layer, the composition changes 
solely by substituting Bi 3+ ions in all Y 3+ positions, without 
changing the unit-cell symmetry from one film to another. 

Before growing thin-film heterostructures, we had to 
calibrate the laser system and optimize the different garnet 
structures’ deposition conditions. As part of the initial cali¬ 
bration experiments we tried to replicate the results of a simi¬ 
lar study on epitaxial growth of YIG on single crystalline 
GGG by PLD announced previously in the literature. 2 In 
their report, Dorsey et al. indicated that the variation of 
deposition ambient oxygen pressure affected the anisotropy 
direction, such that a low oxygen pressure growth generated 
an in-plane magnetic anisotropy while a high-pressure depo¬ 
sition led to an ut-of-plane anisotropy. We have deposited 
single crystalline single layers of YIG on GGG, at 800 °C, 
and at ambient pressures of 100, 200, and 700 mTorr, respec¬ 
tively. Figure 2 shows the three hysteresis loops for in-plane 
(VSM) measurements (made by applying a magnetic field 
parallel to the surface of the film). A close study of the figure 
reveals that while the saturation magnetization of the low- 
pressure specimen (100 mTorr) is the lowest of the three, its 
hysteresis loop displays the most squareness. The saturation 
magnetization values of the three films do not show a sys¬ 
tematic variation with pressure. Dorsey et al. hinted that the 
reduction of the in-plane magnetization loop squateness 
could be associated with a change in anisotropy direction as 
a function of deposition ambient pressure. 

Figure 3 shows the results of the out-of-plane VSM mea¬ 
surement of the three variable deposition pressure samples. 
The comparison of these hysteresis loops with the ones in 
Fig. 2 indicate that for all three specimens the anisotropy is 
in plane. Although the 700 mTorr film displays a relative 
squareness of the loop, the low saturation values and the high 
applied field required to achieve an out-of-plane saturation 
suggest that the increased 0 2 pressure duung deposition is 
negatively affecting the magnetic behavior of the single crys- 



FIG. 2. The three hysteresis loops for in-plane (VSM) measurements. 


talline YIG films grown at 800 °C on GGG substrates. Hence 
we carried all our depositions at 100 mTorr ambient pressure. 

The x-ray 6-26 measurements were made normal to the 
film surface. As indicated elsewhere, 3 the x-ray spectra con¬ 
sistently contained only two peaks: the [444] peak of the 
garnet film phase and the [444] peak of the garnet substrate 
phase. The conclusion of these experiments is that, even if 
the films are polycrystalline, all the grains are oriented such 
that the [111] direction is normal to the film surface. 

It was noted that the saturation magnetizations of the 
multilayer heterostructures do not follow the rule of mixtures 
using as limits the bulk values (of the single layers grown at 
the same temperature), but rather using as the upper limit the 
bulk value for YIG grown at 800 °C. A close study of the 
x-ray-diffraction pattern also shows that the out-of-plane lat¬ 
tice parameter of the YIG layers varies with the YIG content 
of the 600 °C heterostructures, approaching the lattice pa¬ 
rameter of the YIG monolayer deposited at 800 °C, not of the 
one grown at 600 °C. ! 

The YIG/BIG series, while generating some very en¬ 
couraging results, could not be considered as potential mate¬ 
rials for magneto-optical applications, since the anisotropies 
of all of the samples were in plane. 

The role played by partial substitution of the ions occu¬ 
pying the dodecahedral sublattice of the garnet structure with 
rare-earth atoms has been widely investigated. 4,5 Of the rare 
earths, Sm, Eu, and Tb are known to give high positive K u 
values in substituted garnets R 3 _ A Bi^Fe 5 0 12 , while Y, Gd, 
and Dy generate small K u values. We have attempted to sub- 
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FIG. 3. The results of the out-of-plane VSM measurement of the three 
variable deposition pressure samples. 


stitute one Eu 3+ ion/formula unit, and deposited a new het¬ 
erostructure series by growing alternating YIG and EB1G 
single crystalline layers. 

The immediate effect of replav ,ig one third of the Bi 
ions in the BIG structure by Eu ions is the change in anisot¬ 
ropy direction of the EBIG films, of similar thickness, from 
in plane to out of plane. The addition of Eu also seems to 
increase the coetcive field. 

Figure 4 shows a comparison of out-of-plane h) steresis 
loops of four multilayer EBIG/YIG films. Similar to the 
YIG/BIG series, the overlaying of YIG and EBIG monolay¬ 
ers produces increased saturation values. The increments ap¬ 
pear to linearly fr/tow the content of YIG. The highest satu¬ 
ration value is actieved for a ratio of 5:1 between the YIG 
layers and the Ei:(G layers thicknesses, while the lowest 
saturation magnetization is achieved for the film containing 
excess EBIG in a ratio of 3:1 to YIG. Note that while the 
value of the saturation goes ui with the YIG content, the 
squareness of the hysteresis loops is also reduced, indicating 
an apparent change in the magnetic anisotropy direction 
from out of plane to in plane. This is consistent with the total 
composition of the film, which approaches the YIG single 
layer condition. In contrast, the films containing excess 
EBIG show decreasing saturation magnetization with the in¬ 
creased EBIG content, as they approach the EBIG single 
layer condition. At the same time, the films containing excess 
EBIG have displayed increased coercivity values in compari¬ 
son to the specimens with large YIG content. 
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FIG. 4. A compaiison of out-of-plane hysteresis loops of four multilayer 
EBIG/YIG films. 


A magneto-optical hysteresis loop of a thin-film super¬ 
lattice which has a ratio of EBIG to YIG layer thicknesses of 
3:1 showed the best Ker effect response in the series. The 
maximum rotation angle measured is 13 250 deg/cm, while 
the coercivity is 1.10 kOe. The values measured for coerciv¬ 
ity during the Kerr rotation analysis are usually larger than 
those measured by VSM. This can be explained by the highly 
localized interaction with the specimen of the Kerr measure¬ 
ment and by the averaging character of the VSM analysis. 

The exact effect of Eu addition on the magnetic and 
magneto-optical properties of the YIG/EBIG series are not 
completely understood at the present time. In contrast to the 
YIG/BIG series, the x ray of the YIG/EBIG ser°s did not 
show any kind of structural fluctuation as a result of thick¬ 
ness modifications in the constituent layers. The tendency of 
the EBIG rich heterostructures to have high coercivities and 
a distinct out-of-plane anisotropy can be linked to the Eu 
substitution. However, further detailed measurements of new 
films must be carried out before we can conclusively decide 
if the observed effects are due solely to the Eu addition, to an 
increased stress in the film structure, or to a combination of 
factors. 
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Mn-VI/II-VI superlattices belong to the family of artificial multilayered structures composed from 
zinc-blende II-VI semiconducting compounds and Mn chalcogenides using MBE and ALE. While 
all naturally existing crystals of MnTe have the NiAs (hexagonal) structure, the zinc-blende form is 
a fee Heisenberg antiferromagnet with dominant nearest neighbor interactions. The magnetic 
properties of such frustrated systems are strongly influenced by lattice mismatch strain. For 
example, tensile strain produces an incommensurate helical antiferromagnetic phase with an 
in-plane axis. 1 The strain and therefore helical period increases with thickness of CdTe, but in the 
presently studied samples is weak enough to allow investigation of the onset of incommensurate 
helical effects. In previously studied MBE-grown Mn-VI/Zn-VI systems, 1,2 the nonmagnetic spacers 
were too thick to allow interlayer coupling. We report neutron diffraction studies of new MnTe/CdTe 
superlattices prepared by ALE with extremely thin CdTe spacers (from 2 to 6 monolayers). The 
results indicate the formation of spin helices, consistent with the tensile nature of strain in the MnTe 
layers. In addition, the widths of the AF diffraction peaks and the presence of satellite peaks clearly 
indicate that the magnetic interactions propagate through the CdTe spacers, introducing coherence 
between the helices in different MnTe layers. The nature of the interaction responsible for this 
transfer is not yet clearly understood. Some possible mechanisms are discussed. 
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Interlayer coupling in antiferromagnetic EuTe/PbTe superlattices (abstract) 

T. M. Giebultowicz 

George Mason University, Fairfax, Virginia 22030 

V. Nunez 

University of Maryland, College Park, Maryland 20742 and National Institute of Standards and Technology, 

Gaithersburg, Maryland 20899 

G. Springholz and G. Bauer 

J. Keppler University at Linz, Linz, Austria 

J. Chen and M. S. Dresselhaus 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

J. K. Furdyna 

University of Notre Dame, Notre Dame, Indiana 46556 

We report neutron diffraction studies of magnetic correlations in MBE-grown (111) EuTe/PbTe 
multilayers. Bulk EuTe is a type-il fee antiferromagnet. This structure consists of ferromagnetic 
(FM) sheets of spins on (lll)-type planes which are coupled antiferromagnetically to one another. 

In EuTe/PbTe the lattice mismatch strain selects an arrangement of the FM sheets parallel to the 
multilayer plane. Thus, in the case of an odd number of EuTe monlayers, there should be a nonzero 
magnetic moment—in other words, such supcrlattices are expected to behave as ferrimagnets, not 
anitferromagnets. This has been confirmed by recent SQUID studies. 1 As suggested by the above 
model, the dipolar fields arising from the lack of total moment compensation may introduce 
interlayer magnetic coupling, even though in this system there are no carriers that can transfer 
magnetic interactions across the nonmagnetic spacers through the RKKY mechanism, which is 
usually the case in coupled magnetic multilayered systems. Our experiments have indeed revealed 
clear magnetic superlattice peak patterns in several samples. The results of measurements in high 
external fields (up to 6 T) bring further support for the dipolar nature of the observed interlayer 
coupling. However, in some contrast to the expected scenario, the most pronounced coupling effects 
were seen in the case of an even number of monolayers. Possible explanations of this fact (e.g., 
higher-order terms in dipolar fields, or structural imperfections) are discussed. 
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We present heat capacity and magnetic measurements of antiferromagnetic (AFM) CoO/Ni 0 5 Co 0S O 
superlattices grown by reactive sputtering. X-ray data verify the structure and the high quality of the 
superlattice. Neutron-diffraction studies of similar superlattices have shown AFM ordering through 
several bilayers despite the short-range nature of the spin interaction in the constituent materials. 1 
We have recently developed a unique thin film microcalorimeter capable of measuring thin films 
from 1.5 K to well above room temperature, 2 permitting specific heat measurements on these 
superlattices for the first time. Magnetic measurements were made by coupling the superlattices to 
a 30 nm Ni 81 Fe 19 overlayer and measuring the temperature dependence of the exchange anisotropy 
field. We examine the effect of exchange coupling at the interfaces by varying the thickness of the 
bilayers and their constituents. When the layers of the CoO/Ni 05 Co 05 O superlattice are thin, we 
observe a single broad heat capacity peak at a temperature between the Neel temperatures of bulk 
CoO and Ni 05 Co 05 O. This peak is at a temperature that corresponds to the superlattice magnetic 
blocking temperature, the temperature at which the exchange field goes to zero. For thicker layers, 
we observe the disappearance of the superlattice peak, and the emergence of two broad peaks close 
to the individual Neel temperatures of CoO and Ni 05 Co 05 O, We compare the temperature 
dependence of the specific heat of the superlattices to various models. 
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Tb/Fe multilayer films are known to show perpendicular magnetic anisotropy (PMA), which is 
interesting for potential applications in magneto-optical data storage. We demonstrate by using 57 Fe 
Mossbauer probe layers and x-ray diffraction that part of the Tb-deposited-on-Fe (Tb/Fe) interface 
remains chemically sharp and crystalline bcc Fe. This part is associated with an unexpectedly strong 
antiferromagnetic exchange coupling of the Fe to the Tb layers. We find by using both conventional 
and circularly polarized radiation that part of the interface and core bcc Fe but none of the 
amorphous Fe is strongly coupled to Tb. This behavior is qualitatively explained by a structural 
model including regions with a sharp Tb/bcc-Fe interface, where PMA originates from Tb ions that 
experience the broken symmetry of the crystal electric field at the interface. The extrapolated isomer 
shift at T=0 K of the amorphous phase located at the Fe-deposited-on-Tb (Fe/Tb) interface was 
found to be different from that of the amorphous phase located at the Tb/Fe interface, suggesting a 
different amorphous structure at both interfaces. 
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systems (abstract) 

B. T. Jonker, H. Abad, and J. J. Krebs 

Naval Research Laboratory, Washington, D.C. 20375-5343 

It has been empirically established that the net anisotropy exhibited by even a simple metal epitaxial 
film is strongly effected by the interactions at the metal/semiconductor interface, although the 
mechanisms have not been systematically addressed and remain an open issue. An Fe(001) film, for 
example, is expected to exhibit a four fold symmetry in the in-plane magnetic anisotropy, consistent 
with the crystalline surface symmetry. Such films grown on a bulk GaAs(OOl) surface, however, 
exhibit a significant uniaxial anisotropy (twofold symmetry). It has been speculated that this 
uniaxial anisotropy arises from the strongly directional bonds of the substrate surface, based on a 
model that assumes a bulk-terminated, unreconstructed zinc-blende (001) surface. 1 This model fails 
to explain, however, the nearly ideal fourfold symmetry observed for similar Fe(001) films on the 
ZnSe(OOl) surface, 2 which has an identical crystalline structure as GaAs and differs in lattice 
constant by only 0.25%. We propose here a conceptual modei to account for these pronounced 
differences, which describes how contributions to the net magnetic anisotropy arise from the 
formation of the interface and early stages of the metal film growth. We suggest that these 
contributions originate in the initial metal adsorption sites and subsequent bond or site filling, and 
are strongly dependent on the semiconductor surface reconstruction. We compare this model with 
results for Fe growth on several surface reconstructions. 
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We report the measured atomic and magnetization densities of a nickel twist grain boundary 
averaged over its lateral dimensions as a function of distance from the interface plane. The presence 
of a reconstructed interface region (the grain boundary) sandwiched between two single-crystal 
nickel films that were hot-pressed together was confirmed with grazing incidence x-ray diffraction. 

From reflection data taken using unpolarized neutrons, the atomic density profile of the grain 
boundary was determined to be (85±5)% of the bulk density when averaged over twice the 
grain-boundary width of (8±1) nm. Using this information in conjunction with the reflectivity data 
taken from the nickel sample with polarized neutrons reflection, the magnetic moment of a nickel 
atom was found to be between 18% and 52% larger in the twist grain boundary than in the bulk. The 
enhancement of the magnetic moment at the grain boundary is believed to result from the reduced 
atomic density of the interface region. Owing to this reduction in density, the magnetization density 
of the nickel interface is only somewhat enhanced, about 10%, compared to that of bulk nickel. 


I. INTRODUCTION 

Interesting magnetic behavior with great technological 
potential has been observed in a number of materials, par¬ 
ticularly those containing a large fraction of internal inter¬ 
faces. For example, interfaces play an important role in the 
giant magnetoresistance 1 and magnetic anisotropy 2 of some 
nanocrystalline and multilayered systems that may be used in 
future recording media or in magnetic reading and writing 
heads. The magnetocrystalline anisotropy of grain bound¬ 
aries may determine whether a material is magnetically 
hard 3 —making a good permanent magnet, or soft 4 —making 
a good transformer core. 

Considerable emphasis has been placed or. studies of 
interfacial magnetism using calculational methods. In one 
calculation, Tersoff and Falicov 5 report a 34% enhancement 
in the magnetization of the (001) nickel surface compared to 
the bulk. The enhancement is a consequence of a narrowing 
of the d -orbital density of states and a dehybridization of the 
sp-d bands of nickel. These effects are attributed to the re¬ 
duced coordination of a nickel ate... at a (001) surface. Re¬ 
cently, Chrzan et al , 5 have calculated a reduction in the mag¬ 
netization of a {111} stacking fault in nickel of about 2% 
compared to the bulk. They attribute the reduction to a 
broadening of band states caused by the close proximity of 
atoms in the [111] direction in the region of the stacking 


fault. Schaefer 7 has deduced from magnetometry measure¬ 
ments of consolidated ultrafined-grained nickel that the mag¬ 
netic moment of nickel in the interfacial regions is reduced 
compared to bulk nickel. In the present work, we report an 
enhancement in the magnetic moment of nickel atoms in a 
planar grain boundary that we believe to be related to its 
reduced atomic density. 

II. FABRICATION OF THE NICKEL TWIST GRAIN 
BOUNDARY 

A. Bicrystal sample preparation 

The grain boundary was manufactured by hot-pressing 
two thin single-crystal films of nickel to form a nickel bi¬ 
crystal. An electron-beam evaporator was used to deposit 
nickel [Ni(l) in Fig. 1] onto the polished surface of a 
(OOl)MgO substrate heated to 825 K in a vacuum chamber 
with a base pressure of 10~ 5 Pa. 8 A second deposition of a 
mixture of naturally occurring nickel and 62 Ni was made 
onto a cleaved (COl)NaCl single-crystal substrate. 9 The mass 
fractions of the natural nickel and 62 Ni used in the second 
deposition were chosen so that the average scattering length 
density of the nickel mixture was close to zero. By making 
the second film [Ni(2) in Fig. 1] nearly transparent to neu¬ 
trons, the neutron reflectivity of the grain boundary was en¬ 
hanced. During the second deposition, the NaCl crystal was 
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FIG. 1. Schematic diagram showing radiation incident on the nickel bicrys¬ 
tal at an angle of a,, and reflected from the sample by a f . The rotation of 
the sample about its surface normal is to, and the rotation of the detector 
about the surface normal is 28. The crystal labeled as Ni(l) was grown on a 
MgO single-crystal substrate. The [001] edge of this crystal is misoriented 
by 8, = 19.7° relative to that of the lower nickel crystal Ni(2), which was 
grown on a NaCl substrate. 


heated to 600 K, and a potential of +1 kV was applied to the 
substrate relative to the vacuum chamber. After deposition, 
the two nickel films, with lateral dimensions of 3 cm by 3 
cm, were placed face to face in a pressure cage such that the 
[100] edges of the films formed a twist angle of 6,=19.1° in 
the (001) plane. The twist angle for a 2=37 twist grain 
boundary, in which the positions of 1 in every 37 atoms 
coincide when projected onto the interface plane, is 18.9°. 
The small difference between the twist angles of the sample 
and that of a £=37 boundary suggests that the boundary 
studied here is likely to have a special geometry with a high 
degree of symmetry, i.e., one with a relatively small unit cell. 

After heating the substrates to 333 K, carbon monoxide 
was introduced into the oven at a pressure of 1 atm for 20 
min. During this time, the native oxide on the nickel films 
was reduced into nickel carbonyl (the Mond process). 10 
Next, the carbon-monoxide and nickel-carbonyl gases were 
evacuated, restoring the base pressure of the oven (10 -5 Pa), 
and the bicrystal sintered at 773 K for 3 h. After cooling to 
room temperature in vacuum, the sample was removed from 
the pressure cage, and placed in water to dissolve the NaCl 
substrate. The resulting sample consisted of a grain boundary 
sandwiched between the two nickel crystals on the MgO sub¬ 
strate (see Fig. 1). 

B. X-tay-diffraction measurements of the bicrystal 
and grain boundary 

X-ray-diffraction measurements were made under condi¬ 
tions of grazing incidence, using the HASYLAB synchrotron 
in Hamburg, Germany, in order to characterize the quality of 
the bicrystal and grain boundary. 11 The mosaic spread of the 
nickel film on its MgO substrate was 1.3°, while that of the 
upper film, which was grown on NaCl, was 0.3°. Transmis¬ 
sion electron microscopy of the latter film showed it to be 
relatively free of microtwins. The diffuse scattering of x rays 
reflected from the bicrystal was observed in order to deter¬ 
mine whether the interface between the two nickel films con- 
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FIG. 2. The x-ray intensity measured under conditions of grazing incidence 
and integrated over departure angle a f is shown as a function of (a) scatter¬ 
ing angle 28, when the sample was optimized to excite a Bragg reflection 
from the grain boundary, and (b) sample orientation to, when the detector 
was positioned at the intensity maximum in 28. (c) The x-ray intensity 
measured as a function of a f normalized to the critical angle a c for nickel 
and the radiation used, when 28 and to were optimized to produce a maxi¬ 
mum of diffracted radiation. The smoothly varying profile beyond a,/a c =1 
is characteristic of a thin interfacial region. 

tained voids. No modulation of the diffuse scattering with 
departure angle (ay in Fig. 1) was observed, suggesting that 
the bicrystal interface was free of voids. 11 

A plot of the x-ray intensity integrated over the length of 
the position sensitive detector, i.e., a f , as a function of scat- 
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FIG. 3. The unpolarized-neulron reflectivities of the nickel films on (a) 
NaCl (0) and (b) MgO (□) substrates, and (c) the nickel bicrystal (□). The 
solid lines for (a) and (b) were calculated from the scattering length density 
profiles shown in Fig. 4. The solid line for (c) was calculated using the 
atomic density profile of the grain boundary shown in Fig. 5(a). The 
polarized-ncutron reflectivities for the /?_ (0) and R+ (□) cross sections 
are shown in (d) and (c). The dashed lines were calculated using a magnetic 
moment for nickel that was constant throughout the bicrystal. The solid lines 
were calculated using an enhanced magnetic moment [Fig. 5(b)] at the grain 
boundary. 


tering angle 26 (see Fig. 1), when the sample was oriented to 
excite a grain-boundary reflection (one corresponding to the 
12,12,0 reflection indexed in the coordinate system of a 
2,=37 grain boundary) is shown in Fig. 2(a). A plot of the 
intensity measured as a function rotation angle about the 
normal to the sample surface, to (see Fig. 1), when the de¬ 
tector is positioned at the intensity maximum in Fig. 2(a) is 
shown in Fig. 2(b). These measurements demonstrate that 
Bragg reflection is well localized within the reciprocal-lattice 
plane corresponding to the projection of atom positions onto 
the interface plane of the bicrystal. When the detector posi¬ 
tion and sample orientation were optimized to produce a 
maximum of intensity at the position corresponding to the 
12,12,0 grain-boundary reflection, the rodlike intensity pro¬ 
file shown in Fig. 2(c) was measured as a function of depar¬ 
ture angle a f from the sample surface. The rodlike form is 
characteristic of scattering from spatially limited or thin re¬ 
constructed interfaces. The presence of the rodlike distribu¬ 
tion of intensity at the position of a grain-boundary reflec¬ 
tion, and its absence in single-crystal films containing no 
grain boundary, is evidence that the bicrysta! interface had 
reconstructed during the sintering process to form a grain 
boundary. 11 ' 13 



FIG. 4. The nuclear (neutron) scattering length density profiles deduced for 
the nickel on MgO sample (solid line) and the nickel on NaCl sample 
(dashed line) from fits to the reflectivity data in Figs. 3(a) and 3(b). 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. The atomic density profile of the nickel grain 
boundary 

The reflectivities of two nickel films, which were grown 
under conditio. •> identical to those used to make the bicrystal 
but on different NaCl and MgO substrates, were obtained 
with unpolarized neutrons at the Manuel Lujan Jr. Neutron 
Scattering Center (LANSCE). 14 These reflectivity curves are 
shown in Figs. 3(a) and 3(b) (open symbols) as a function of 
scattering vector magnitude, Q = 4 tt sin(a,)/X., where \ is 
the wavelength of the radiation (determined using the time- 
of-flight technique), and a, is the angle of incidence of the 
radiation onto the sample surface. The scattering length den¬ 
sity profiles /3(z), deduced as a function of depth into the 
nickel films from the reflectivity data, are shown in Fig. 4. 
The solid curves in Figs. 3(a) and 3(b) were calculated from 
the density profiles using the Parratt formalism. 15 From the 
fit to the nickel-MgO data, and using the published scattering 
length for natural nickel (10.3XKT 5 A 16 ), the average 
atomic (number) density of the nickel film, 
/t 0 =0.0895±0.0005 A' 3 , was deduced. This density is 
somewhat less than the density of bulk nickel, 0.0913 A' 3 . 
Similar reductions in the densities of thin films compared to 
their bulk counterparts have been observed in other metal 
systems. 11 ' 17 Using the value of n 0 , the neutron-scattering 
length of the null scattering 62 Ni-nickel mixture was deduced 
to be (4.8±0.5)X10 -6 A (more than 20X smaller than that 
of natural nickel) from the fit to the nickel-NaCl data. This 
information is used later. 

The reflectivity of unpolarized neutrons from the nickel 
bicrystal is shown in Fig. 3(c). In determining the scattering 
length density profile of the nickel bicrystal, the air-nickel 
and nickel-MgO interfaces of this sample were assumed to 
be identical to those previously determined. This assumption 
is reasonable, since no significant differences between the 
air-nickel and nickel-MgO interfaces of other similarly pre¬ 
pared samples have been observed. The portions of the scat¬ 
tering length density profile for the bicrystal that were per- 
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FIG. 5. (a) The atomic density of the grain boundary deduced as a function 
of distance away from the interface plane from a fit of the bicrystal model 
(described in the text) to the reflectivity data in Fig. 3(c). (b) The magnetic 
moment of nickel deduced as a function of distance from the interface plane 
foi model 1 (solid curve), model 2 (dashed curve), and model 3 (•) de¬ 
scribed in the text, (c) The magnetization density of the grain boundary 
calculated for the three models. 


turbed to tit the data were those belonging to the overall 
thicknesses of the two nickel films and the atomic density of 
the grain-boundary region. The atomic density profile de¬ 
duced for the grain boundary is shown in Fig. 5(a). The 
reflectivity curve calculated for this model is shown as the 
solid curve in Fig. 3(c). The minimum density of the grain 
boundary, occurring at the interface plane, is (60±6)% of the 
film density. The full width T, where the density is halfway 
between the minimum and bulk densities, is (8±1) nm. The 
mean grain-boundary density, when averaged over twice its 
width, is (85±5)% of « 0 . 

The mean density is similar to those calculated from 
atomic structures of gold grain boundaries, which have been 
deduced from quantitative x-ray-diffraction measure¬ 
ments; 12,13 however, the nickel boundary is considerably 
broader than the gold boundaries. The boundary widths de¬ 
duced for the two gold grain boundaries are believed to be 
about 1 nm. 1213 Since the twist angles of the two gold grain 
boundaries (0,=36.9° and 22.6°) were larger than that of the 
nickel grain boundary (0,=19.7°), the nickel boundary is ex¬ 
pected to be broader than the gold grain boundaries, although 
perhaps not as broad as observed. Interestingly, grain- 
boundary widths in nanocrystalline nickel also appear to be 
quite large. Recently, Aus et al . 18 have reported boundary 
widths of 5 nm deduced from magnetometry measurements, 
while Valiev 19 has measured widths of 10 nm using high- 


resolution transmission electron microscopy. The large 
boundary widths, which seem to be typical of nickel, may be 
due to the ferromagnetic nature of the material. For example, 
the magnetic anisotropy of a grain boundary may influence 
and in turn be influenced by the atomic structure of the 
boundary. To date, the magnetic effects have been largely 
ignored in theoretical calculations of grain-boundary struc¬ 
tures, so theoretical calculations may be underestimating the 
structural widths of grain boundaries in magnetic materials. 

B. The magnetization profile of the nickel grain 
boundary 

The reflectivities of a nickel-MgO sample and the bic¬ 
rystal were remeasured at LANSCE using neutrons with po¬ 
larization states antiparallel and parallel to the 0.1 T mag¬ 
netic field applied along the sample surface. 20 The field 
strength is considerably larger than that needed to saturate 
thin iron films along their hard axes, 21 so both nickel 
samples, whose saturation magnetizations are much less than 
iron, should have been fully saturated during the reflectivity 
measurements. TWo reflection cross sections, R_ and R + , 22 
corresponding to the two neutron polarization states (antipar¬ 
allel and parallel), were measured for each sample. In the 
case cf the nickel-MgO sample, the difference in Q between 
the critical edges for the R _ and R + reflectivity curves was 
used to calculate the average magnetic moment of 
/i Nl =(0.7±0.1) /j. B for the sample. This value is in good 
agreement with the literature value of 0.6 fi B for bulk 
nickel. 23 

Since the polarization state of the reflected radiation was 
not determined in this study, the reflectivity cross sections 
/?_ and /?+ may be contaminated by scattering processes 
occurring within the sample that actively change the polar¬ 
ization state of the neutron radiation. These processes may 
occur in samples that are not fully saturated, or have a large 
degree of magnelocrystalline anisotropy. 22 In the latter case, 
the magnetic moment deduced from R + and R _ would rep¬ 
resent the component of the total moment in the direction of 
the applied magnetic field. Measurements of the polarization 
state of the reflected radiation, i.e., all four scattering cross 
sections of the sample, are in progress at LANSCE. 

The and R + cross sections for the nickel bicrystal 
are shown as the open symbols in Figs. 3(d) and 3(e). The 
dashed curves in this figure were calculated from a model 
that used the atomic density profile previously determined 
for the bicrystal, the nuclear scattering lengths for each 
nickel film, and the value of /i Nj , to calculate the nuclear and 
magnetic contributions to the scattering length density profile 
of the bicrystal. For £7 >0.07 A -1 , no splitting is discernible 
between the calculated profiles (dashed curves), when a clear 
splitting is seen in the data. Since the Iarge-<2 region is most 
sensitive to spatially limited features like the grain boundary, 
poor agreement here suggests that the magnetic moments of 
atoms in the grain boundary may be different from the bulk. 

The agreement between the calculated profiles and the 
data could be significantly improved when the magnetic mo¬ 
ment , of nickel atoms in the grain boundary were made to be 
larger than /u N ,. By varying onl> the decay of the magnetic 
moment from a maximum at the interface plane (correspond- 
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ing to an abscissa value of zero in Fig. 5) to /z Nl at a position 
where the grain-boundary density equals « 0 much better 
agreement was obtained. This variation in magnetic moment 
is shown by tne solid line in Fig. 5(b) and is called model 1. 
The optimum value of (1.6±0.3) fi B at the interface plane 
produced the solid curves in Figs. 3(d) and 3(e). When aver¬ 
aged over twice the grain-boundary width, 2T, the magnetic 
moments of nickel atoms in the interfacial region are about 
(52±12)% larger than the magnetic moment measured for 
the film. 

A second model (model 2), which represented the varia¬ 
tion of the magnetic moment of nickel by a Gaussian func¬ 
tion centered at the interface plane, was also explored. In this 
model the height and width of the Gaussian function were 
optimized to produce the dashed curves in Fig. 5. A peak 
moment of (1.5±0.2) /n g was obtained. The full width at half 
maximum in the profile of the magnetic moment was (3±1) 
nm. In this model the magnetic width of the grain boundary 
is considerably smaller than its structural width of (8± 1) nm. 
Theoretical calculations suggest that changes in symmetry, 
coordination number, and density can alter the magnetic mo¬ 
ments of atoms. If these predictions are correct, then the 
magnetic moments of the atoms closest to the interface plane 
would be most affected by the change of atomic structure 
that occurs at grain boundaries. In particular, the coordina¬ 
tion number of an atom would be expected to remain un¬ 
changed unless it were located quite closely to the interface 
plane. If the magnetic moment of an atom is most affected by 
its coordination number, rather than changes in atomic den¬ 
sity, then the magnetic width of a grain boundary might be 
smaller than its structural width. 

In a third model (model 3), the magnetic moment [(•) in 
Fig. 5(b)] for each step in the atomic density profile [Fig. 
5(a)] was perturbed independently to yield a good fit to the 
data. Even though the magnetic moments of nickel atoms 
away from the grain boundary were no longer constrained to 
be /i Nl , as in the earlier model, the magnetic moments of 
these atoms, nevertheless, tended toward this value. The op¬ 
timum magnetic moment at the grain-boundary plane was 
still enhanced [a value of (1.4±0.2) fx B was obtained] com¬ 
pared to the bulk, although the increase was not as large as 
that deduced from the previous models. 

All the models predict an enhancement of the magnetic 
moment of nickel at the grain-boundary interface. When av¬ 
eraged over twice the grain-boundary width, we find en¬ 
hancements in the magnetic moment of nickel ranging from 
a low of 18% for model 2 to a high of 52% for model 1. The 
enhancement deduced from the best-fitting model, model 3, 
is (38±3)%. Since the magnetization density is the product 
of magnetic moment and atomic density, which is reduced at 
the nickel grain boundary, the magnetization density of the 
interface is only sightly enhanced compared to the bulk. The 
magnetization densities of the interfaces [Fig. 5(c)] calcu¬ 
lated using models 1 and 3 are 20% and 10% greater than the 
bulk, respectively, when integrated over the grain-boundary 
region, while a small decrease of 6% is predicted from model 
2. In other words, the large enhancements in the magnetic 
moments of nickel at the grain boundary are mostly negated 
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by the reduction of its atomic density to yield a magnetiza¬ 
tion density that is only about 10% greater than the bulk. 

IV. CONCLUDING REMARKS 

We believe that reduction of atomic density and change 
in symmetry at a grain boundary will alter its density of 
states (of d orbitals in nickel), leading to the observed en¬ 
hancement in the magnetic moments of nickel atoms in the 
grain boundary. In support of this hypothesis, we point out 
that Chrzan et al. 6 have attributed a calculated reduction in 
the magnetic moments of nickel atoms at a {111} stacking 
fault to the close proximity of atoms near this interface. An¬ 
other calculation has shown that the reduced coordination of 
an ideal (100) nickel surface alters its density of states, 
which produces a 32% enhancement in the magnetic mo¬ 
ments of nickel atoms at the surface compared to the bulk. 5 
The trend in the two theoretical calculations is in agreement 
with our observations of an enhanced magnetic moment and 
reduced atomic density of one particular nickel grain bound¬ 
ary. Nickel grain boundaries with different twist angles and 
crystallographic orientations will have different crystal struc¬ 
tures, and so might have different magnetic structures. Com¬ 
parisons between these structures, measured with techniques 
developed for this study, with calculations of theoreticians 
for a variety of grain boundaries will lead to a better under¬ 
standing of interfacial magnetism, and its effects on the mac¬ 
roscopic magnetic properties of materials like multilayered 
and nanophase systems which contain many interfaces. 

Interestingly, Schaefer 7 has reported a reduction in the 
magnetic moment of nickel at grain boundaries in samples 
composed of consolidated nickel crystallites with grain sizes 
of 10 nm. This conclusion was made based upon magnetiza¬ 
tion measurements using a SQUID and vibration magneto¬ 
meter. The difference between the conclusion reached by 
Schaefer and that in the present study, where evidence for an 
increase in the magnetic moment of nickel at a grain bound¬ 
ary was seen, may be due to several factors. 

First, the magnetometry technique measures the magne¬ 
tization of the entire sample, and so does not specifically 
measure the magnetization of interfaces. If, for example, a 
portion of the nanocrystalline sample were not magnetic 
when the entire sample was thought to be magnetic, then a 
reduced magnetic moment would be calculated for the 
sample, since its measured magnetization would not have 
been as large as would have been the case had the entire 
sample been magnetic. We note that antiferromagnetic order 
is suppressed in 11 nm grains of chromium (to at least 20 
K). 24 If magnetic order can also be suppressed in ultrafine¬ 
grained nickel, then a portion of the sample studied by 
Schaefer may not have been ferromagnetic, possibly result¬ 
ing in a diminished sample magnetization. Depending upon 
the amount of material which was not ferromagnetic, a di¬ 
minished magnetization might be measured for the entire 
sample even if the magnetic moment of nickel h generally 
increased in the grain boundaries. 

Second, microstrain introduced into the nanocrystalline 
sample during high-pressure compaction, which was not 
likely to have been relieved at ambient temperature used dur¬ 
ing the compaction process, may affect the magnetic proper- 
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ties of the material in a manner that may not have occurred 
in the bicrystal sample. For example, strain is known to af¬ 
fect the magnetic anisotropy and magnetoelastic energies of 
ferromagnets 25 and the magnetic structure of coarse-grained 
chromium. 26 Considerable microstrain is usually found in 
nanocrystalline metals 24,27 and is likely to be present in 
nanocrystalline nickel. 28 Since the bicrystal was annealed at 
high temperature, the grain boundary in this sample should 
be relatively strain-free compared to those in nanocrystalline 
nickel. The different conclusions reached by Schaefer and 
this study might be attributed to differences in the strain 
contents of two sample, if microstrain can change the mag¬ 
netic moments of atoms in grain boundaries. 

Third, the grain boundary studied in the bicrystal experi¬ 
ment mav not be representative of grain boundaries found in 
nanocrystalline materials. For example, the grain boundary 
in the bicrystal sample was known from the x-ray-diffraction 
observations to be reconstructed, i.e., to have formed a re¬ 
laxed structure. On the other hand, the nanocrystalline 
sample, at least on the onset of the magnetometry measure¬ 
ments, was likely to contain grain boundaries in unrelaxed 
configurations owing to the relatively low diffusivity of 
nickel at ambient temperature compared to the annealing 
temperature used to make the bicrystal (773 K). The mag¬ 
netic moment of nickel may be increased in a relaxed grain 
boundary compared to an unrelaxed one. Furthermore, the 
grain boundary studied here is special in that its unit cell is 
reasonably small—containing only 37 atoms per atomic 
plane. Randomly oriented grain boundaries, which are char¬ 
acterized by large unit cells, should occur more frequently in 
as-compacted nanocrystalline nickel that the special grain 
boundary studied in this work. Efforts are in progress to 
determine whether the magnetic moments of nickel atoms in 
grain boundaries with other orientations differ from the mo¬ 
ment reported for the £=37 twist grain boundary. 

Finally, as the grain size of a nickel crystallite becomes 
comparable to the structural width of a grain boundary, 
which may be relatively large for nickel, 1819 interactions 
across crystallites between different interfaces may perturb 
their structures from those of interfaces found in coarser- 
grain°d materials. If the magnetic structure of an interface is 
coupled to its atomic structure, then interactions between 
neighboring grain boundaries that produce alterations in their 
atomic structures may also lead to changes in their magneti¬ 
zations, particularly in an ultrafine-grained materials such as 
that studied by Schaefer. These interactions would not be 
present in the bicrystal sample, since the surface and nickel- 
MgO interface of the sample are a few tens to hundreds of 
nanometers away from the grain-boundary interface. 

While bicrystal experiments such as this one may not 
provide information relevant to as-compacted nanocrystal¬ 
line materials, these experiments do provide valuabb infor¬ 
mation about the magnetizations of planar interfaces, such as 
those present in multilayered materials. In particular, model 
bicrystal experiments can be designed to study specific prob¬ 
lems that might be encountered in the development of mag¬ 
netic multilayer devices. For example, bicrystals containing 


6300 J. Appl. Phys., Voi '6, No. 10,15 November 1994 


controlled amounts of impurity solutes can be fabricated and 
studied to determine how the magnetic properties of inter¬ 
faces change as impurity atoms segregate to the bicrystal 
interfaces. 
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Magnetic and magnetocaloric properties of melt-spun Gd x Ag 100 _ x alloys 
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Wilh the object of assessing their magnetocaloric properties, we have prepared Gd x Agi 00 _ x alloys 
(*=50, 70, 75, 77.5, 80,100) by melt spinning. The microstructures of the melt-spun ribbons were 
investigated by x-ray diffraction and transmission electron microscopy. Data from field- and 
temperature-dependent magnetization measurements were used to calculate the field-induced 
entropy change AS. The Gd-only ribbons are characterized by a single AS peak near 280 K. For the 
Gd x Ag 10 o-.r (70<*^80) materials AS contains another peak in the 100-120 K range which we 
ascribe to an amorphous, ferromagnetic Gd-Ag component. We find melt-spun Gd 50 Ag 50 ribbons to 
consist primarily of crystalline GdAg (cubic CsCl structure), which is antiferromagnetic. 


It is well known that the field-induced entropy change 
AS of a magnetic material can be exploited as a basis for 
solid-state refrigeration, with potential for application in the 
room-temperature range as well as at cryogenic 
temperatures. 1-3 Recent calculations 4,5 and experiments 6,7 
have shown that materials containing nanometer-sized mag¬ 
netic regions can produce larger values of AS than conven¬ 
tional ferromagnets or paramagnets over certain intervals of 
temperature ( T) and applied field (H). To maximize this 
effect, it is important that the magnetic phase have a large 
intrinsic magnetization and, to minimize heating due to hys¬ 
teresis, low magnetocrystalline anisotropy. Both of these de¬ 
mands are satisfied by gadolinium. Furthermore, it is desir¬ 
able for the magnetic particles to be at least partially 
separated by nonmagnetic material to reduce magnetic inter¬ 
actions between them. 

With these considerations in mind we have investigated, 
and here report, measurements of A S(T) for Gd x Ag 100 _ x 
alloys which were prepared by the rapid solidification tech¬ 
nique of melt spinning. We chose a rapid quenching method 
with the objective of forming small magnetic particles or 
clusters, and the Gd-Ag system was selected since its equi¬ 
librium phase diagram indicates that ferromagnetic Gd (Cu¬ 
rie temperature T c s 293 K) and antiferromagnetic GdAg 
(Neel temperature 7„~140 K) are essentially immiscible. 

Ingots of Gd x Ag 10 o-* (*=50, 70, 75, 77.5, 80) were 
prepared by induction melting high-purity elemental con¬ 
stituents. Each ingot was melt spun, again under argon, by 
ejecting molten alloy through an orifice (0.6 mm diameter) in 
a quartz crucible onto the surface of a chrome-plated copper 
disk (25 cm diameter). The quench rate was varied by chang¬ 
ing the surface velocity v s of the disk. A quench rate corre¬ 
sponding to u 5 =20 m/s was used for all the silver-containing 
alloys, and u 5 =30 m/s was used to produce the Gd-only 
material. 

Ribbon microstructures were examined by both x-ray 
powder diffraction and transmission electron microscopy 
(TEM). Figures 1 and 2 display Cu K a x-ray diffractograms 
for the * = 100, 80, 77.5 and *=75, 70, 50 materials, respec¬ 
tively. It is clear from Fig. 1(a) that the Gd-only ribbons are 
comprised of hexagonal Gd grains with some preferential 


orientation along the [001] direction since the (002) and 
(004) reflections are of greater intensity than those calculated 
for an isotropic distribution [vertical bars in Fig. 1(a)]. Se¬ 
lected area diffraction in the TEM confirms this interpreta¬ 
tion. Figure 3(a) shows that the Gd ribbons consist of irregu¬ 
lar grains approximately 0.5 fim in size and have some 
alignment along the [001] direction, which was normal to the 
surface of the quench wheel. In addition to [100]-oriented 
hexagonal Gd crystallites, the x-ray diagram of the Gd 80 Ag 20 
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FIG. 1. Cu K a x-ray powder-diffraction patterns of melt-spun Gd x Ag 100 _. x } 

ribbons, (a) Gd, the vertical bars denote line positions and intensities for J 

isotropic, hexagonal Gd metal, (b) Gd a y\g 20 (c) Gd 77 5 Ag 22 s - 
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FIG X Cu K a x-iay powder-diffraction patterns of melt-spun Gd^Ag,,,,^, 
ribbons, (a) Gd 75 Ag 2 j- (b) Gd^Ag,,,. (c) Gd 50 Ag 50 ; the vertical bars denote 
line positions and intensities for isotropic, cubic GdAg. 



FIG. 3. TEM micrographs of melt-spun (a) Gd (G denotes a hexagonal Gd 
grain and C indicates a cubic form of Gd situated at the grain boundaries) 
and (b) Gd 77 5 Ag 22 5 (regions labeled A arc amorphous Gd 50 Agj 0 ; hexagonal 
Gd particles are signified by G). 


ribbons [Fig. 1(b)] also suggests an amorphous Gd-Ag com¬ 
ponent. Ribbons melt spun from the eutectic composition 
Gd 775 Ag 2 ..£ contain a substantial amorphous fraction, as 
shown by Fig. 1(c); the corresponding TEM micrograph of 
Fig. 3(b) reveals small (<100 A) Gd grains embedded in an 
amorphous matrix having an overall composition near 
Gd 50 Ag 50 estimated by microchemical analysis. 

From the x-ray pattern for the Gd 75 Ag 25 ribbons, Fig. 
2(a), we infer that the amorphous fraction is even larger than 
that of the Gd 775 Ag 225 sample since the features are more 
diffuse than those of Fig. 1(c). Some hexagonal Gd is still 
present and persists in the Gd 70 Ag 30 ribbons as well [Fig. 
2(b)]; comparison of Figs. 2(a) and 2(o) indicates less amor¬ 
phous Gd-Ag phase in the Gd 70 Ag 30 ribbons. Similar to Fig. 
3(b), TEM analysis of the Gd 70 Ag 30 ribbons again reveals Gd 
grains interspersed in an amorphous matrix having a compo¬ 
sition near Gd 50 Ag 50 , in addition to a small amount of crys¬ 
talline GdAg. No gadolinium component is apparent in the 
x-ray diagram of melt-spun Gd 50 Ag 50 , Fig. 2(c); the ribbons 
are principally composed of fine-grained crystalline GdAg, 
whose reflections are illustrated by the vertical bars in Fig. 
2(c). TEM of this material shows GdAg grains with an av¬ 
erage diameter of ~ 100 A. 

Magnetic moment versus temperature curves for the 
melt-spun ribbons investigated here, as well as for a bulk Gd 
ingot sample, are displayed in Fig. 4; the measurements were 
performed in a maximum applied field of 9 kOe, which was 



Temperature (K) 


FIG. 4. Magnetic moment vs temperature for melt-spun Gd 2 Agi 00 _, rib¬ 
bons (x=50, 70, 75, 77.5, 80, 100) and for a Gd ingot sample measured in 
an applied magnetic field of 9 kOe. 
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FIG. 5. Entropy change A5 of melt-spun Gd^Ag^o,, ribbons (x=70, 75, 
77.5, 80, 100) and of a Gd ingot sample in a 9 kOe applied magnetic field. 


sufficient to saturate the magnetization in each case. The 
observed low-temperature moment for the Gd-only (*=100) 
ribbons, ~215 emu/g (-6.1 fi g IG d), is 20% lower than the 
268 emu/g (7.55 /x B /Gd) value for elemental gadolinium 
metal, as comparison with the bulk Gd curve in Fig. 4 shows. 
The disparity is puzzling. Some of it can be attributed to 
nonmagnetic contaminants such as oxides, but our TEM 
work indicates that secondary phases comprise no more than 
5 vol % of the ribbons. We speculate, therefore, that particle 
size effects may also contribute to the moment reduction. 
Gadolinium moments in the 5-7 /jl b range have been re¬ 
ported in several amorphous binary alloys, 8 and a moment of 
only 3 fi B l Gd has been observed in clusters containing fewer 
than 100 Gd atoms. 9 

For the Gd^Ag 100 _^ ribbons with 70^^80, the data of 
Fig. 4 strongly suggest the presence of two ferromagnetic 
components, one with a Curie temperature in the vicinity of 
100 K and a second near the 7’ c s293 K value for bulk Gd 
metal. Hauser 10 prepared amorphous Gd^Ag^o^ alloys in 
the 20 s Sjc=£100 interval by sputtering and found them to be 
ferromagnetic, with T c essentially linear in* with r c ~100 K 
at *=50. We conclude, therefore, that the amoiphous com¬ 
ponent detected by x-ray diffraction and TEM in our 
70*s* s s80 melt-spun ribbons is ferromagnetic Gd^Ag 100 _ x 
with *—50. 

In contrast, the magnetization curve for the Gd 50 Ag 5 o 
(20 m/s) ribbons in Fig. 4 mirrors the susceptibility versus 
temperature curve reported by Walline and Wallace 11 for 
crystalline, antiferromagnetic GdAg, consistent with our mi- 
crostructurai analyses of that material. It is quite surprising 
that the *~50 component of the Gd-richer 70=s*ss80 rib¬ 


bons is amorphous, while Gd 50 Ag 5 0 melt spun at the same 
quench rate (u 5 =20 m/s) is crystalline. To satisfy one of our 
original objectives it would have been preferable for the 
former materials to contain crystalline GdAg [which would 
be paramagnetic at 7' c (Gd)] to magnetically isolate the Gd 
particles. 

We calculated the field-induced entropy change AS from 
the magnetization data (measured as a function of both ap¬ 
plied magnetic field H and temperature T) by making use of 
the Maxwell relation ( dS/dH) T =(dM/dT ) H , which implies 

(n\dM(H',T) 

AS Jo dT 

Figure 5 displays AS vs T for the melt-spun 70==* =£100 
ribbons and for the Gd ingot sample. The Gd-only ribbon 
material features a single peak near 290 K which corre¬ 
sponds well with T c of bulk Gd, as comparison with the Gd 
ingot curve in Fig. 5 demonstrates. The four other ribbon 
curves in Fig. 5 exhibit two peaks. One is centered in the 
100-120 K interval and is generated by the ferromagnetic, 
amorphous Gd 50 Ag 50 component; the variation of the maxi¬ 
mum with * is relatively small and is undoubtedly associated 
with compositional variation in the amorphous fraction. 
Most pronounced in the *=77.5 and *=80 ribbons, the sec¬ 
ond peak occurs at 7—280 K and arises from the Gd con¬ 
stituent; the —100 A particle size reduces T c somewhat from 
the bulk value of 293 K. 

Both A S structures for the 70=s*s=80 ribbons in Fig. 5 
are quite broad; the height of each is considerably smaller 
than that of the Gd-only ribbons, which is in turn somewhat 
reduced from that of the Gd ingot. These results reinforce 
earlier findings 4 ' 7 that a fine-particle morphology can mark¬ 
edly modify the temperature distribution of AS. Figure 5 
suggests that the * =70 and *=75 materials may be of inter 
est for magnetic refrigeration in the 100 K regime. While the 
*=77.5 and *=80 ribbons do contain small Gd particles, 
further effort is required, at least in the Gd-Ag system, to 
separate them in a nonferromagnetic matrix. We intend to 
explore heat treatment as a possible means for converting the 
amorphous Gd 50 Ag 50 component into antiferromagnetic 
GdAg while minimizing growth of the Gd grains. 
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Nanocomposite Fe 80 (Si0 2 ) 2 o films with thickness from 150 to 5000 A have been prepared by rf 
magnetron sputtering from a composite target. The crystallites in the Fe 80 (SiO 2 ) 20 films have a bcc 
structure with the average size of 46-66 A which was determined by transmission electron 
microscopy. As indicated by the thickness dependence of resistivity, the stacking and connectivity 
of the crystallites depend on the thickness of the films. The magnetic properties also depend on the 
microstructure which changes with the thickness of the films. The magnetic coercivity of the films 
increases with the thickness of the film, reaches a maximum, and then decreases. The maximum 
coercivity of 400 Oe at 300 K and 1200 Oe at 5 K was observed for a film with a thickness of about 
700 A. 


I. INTRODUCTION 

Nanocomposite materials have the form of small crystal¬ 
lites dispersed in a matrix which may be insulating or metal¬ 
lic. The magnetic properties of nanocomposite materials de¬ 
pend on the microstructure of the films which can be 
controlled by either changing the size of crystallites and/or 
the separation distance between the crystallites. It has been 
shown that the crystallites size and the intercrystallite dis¬ 
tance of the nanocomposite Fe:Si0 2 system can be system¬ 
atically changed by varying the Fe volume fraction. 1-6 The 
average crystallite size in the films for a fixed volume frac¬ 
tion can also be varied by changing the substrate 
temperature. 7 For the films with lower metal volume fraction 
the crystallites are isolated whereas for the films with higher 
metal volume fraction the crystallites are well connected. 8 
For the Fe:Si0 2 films with a Fe volume fraction near 50% 
the crystallites begin to form a percolating network. As the 
thickness of the film is decreased, the number of crystallites 
connecting together in the film-normal direction decreases 
and a change in the electrical and magnetic properties is 
expected. In this work we investigated the thickness depen¬ 
dence of magnetic and electrical properties of the Fe:Si0 2 
films. 

II. EXPERIMENTAL PROCEDURE 

The nanocomposite Fe:Si0 2 films were prepared by rf 
magnetron sputtering from a composite target. The sputtering 
targets were prepared by sintering a mixture of pressed Fe 
and Si0 2 powders. The sputtering gas was 5 mTorr of Ar, 
and the films were deposited on glass substrates at room 
temperature. The films used in this study have a target com¬ 
position of Fe 80 (SiO 2 ) 20 (55 vol. % of Fe). The film thickness 
ranged from 150 to 5000 A. The microstructure of the films 
was studied by using a JEOL 2010 high-resolution transmis¬ 


sion electron microscope (HRTEM) and electron diffraction. 
The magnetization and the coercive force were measured us¬ 
ing a commercial alternating-gradient force magnetometer 
and a SQUID magnetometer. The resistivity was measured in 
a standard four-point probe configuration. 

III. RESULTS AND DISCUSSION 

The electron-diffraction pattern of the Fe 80 (SiO 2 ) 20 films 
with a thickness of 700 A is shown in Fig. 1. The electron- 



F1G. 1. Electron-diffraction pattern of FemtSiO^g, film with a thickness of 
700 A. 
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FIG. 2. HRTEM image for the Feg^SiO^jo film with a thickness of 700 A. 

diffraction pattern of ihe films show a a-Fe structure with the 
(110), (200), (211), etc. rings present. The d spacing of the 
(110) peak as deduced from x-ray diffraction is 2.03 A, 
which is close to the lattice parameter of a-Fe. The electron- 
diffraction pattern of the film can be indexed to a-Fe and 
there is no evidence of contribution from any Fe oxide 
phases; this is also confirmed by Mossbauer spectroscopy. 
The hyperfine field as calculated from the Mossbauer spectra 
is 330 kOe, which is close to the value for a-Fe. The mor¬ 
phology of the crystallites as revealed by the HRTEM image 
for the Fc 80 (SiO 2 )20 films with a thickness of 700 A is shown 
in Fig. 2. The average particle size of the Fe crystallites is 
46-66 A and the Fe crystallites are mostly isolated in an 
amorphous Si0 2 matrix. The Fe crystallites have a clear 
boundary with the Si0 2 matrix. The fringes on the crystal¬ 
lites represent the lattice spacing of Fe. 

The thickness dependence of the resistivity for the 
Fe 80 (SiO 2 ) 20 films is shown in Fig. 3. It is seen that the 
resistivity decreases as the film thickness increases and 
above 700 A the resistivity decreases drastically, indicating 
that the films form a better connecting network of Fe crys¬ 
tallites. The plane view HRTEM image shows that the Fe 
crystallites are isolated in the Si0 2 matrix, so the drastic 
change in resistivity for the films with thickness above 700 A 



FIG 3. Resistivity vs thickness for the Fe^oISiOjIa) films. 



THICKNESS (A) 


FIG. 4. Magnetic coercivities measured at 300 and 5 K vs thickness foi the 
FegotSiOj)^ films. 

may be likely due to the change in stacking and connection 
of the Fe crystallites. The inset of Fig. 3 shows the resistivity 
versus film thickness for 700-4273 A thick films. As the film 
thickness increases from 700 to 4273 A, the resistivity 
changes from 5.6X10 -2 to 1.8X10' 4 Hem. 

The magnetic coercivity measured at 300 and 5 K of the 
Fe 80 (SiO 2 ) 20 films versus thickness is shown in Fig. 4. The 
magnetic properties depend on the thickness of the film. It is 
observed that as the film thickness increases the magnetic 
coercivity increases, goes through a maximum, and then de¬ 
creases The maximum coercivity of about 400 Oe at 300 K 
and 1200 Oe at 5 K was obtained for a film with a thickness 
of about 700 A. As the film thickness increases, the change 
in magnetic coercivity measured at 5 K is more pronounced 
compared to the magnetic coercivity measured at 300 K for 
the films with thicknesses less than 1200 A. 

Figure 5 shows the dependence of magnetic coercivity 
with temperature for Fe 80 (SiO 2 ) 20 films with different thick¬ 
nesses. The magnetic coercivity decreases as the temperature 



FIG. 5. Magnetic coercivities vs temperature of the FejoiSiO;)^ films with 
different thicknesses 
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increases. The temperature dependence of coercivity with a 
film thickness more than 1000 A is almost linear, whereas 
the film with a thickness of 285 A has a T 1 ' 2 dependence. 
The T m dependence of coercivity for a thin film is charac¬ 
teristic of a system of superparamagnetic particles below the 
blocking temperature. 9 As the film thickness increases the 
number of connected crystallites also increases, i.e., the in¬ 
teraction between the crystallites increases and one observes 
a change in the magnetic properties of the films. 

IV. SUMMARY 

We have prepared Fe:Si0 2 nanocomposite films with 
different thicknesses. The size of the a-Fe crystallites for the 
Fe 80 (SiO 2 )20 films ranges from 46 to 66 A. The resistivity of 
the Fe g0 (SiO 2 ) 20 films decreases with increasing film thick¬ 
ness. Above 700 A the resistivity drops drastically, indicating 
that the crystallites form a better connecting network in the 
thick films. The magnetic coercivity for the Fe 8Q (SiO 2 ) 20 
films depends on the microstructure which changes with the 
thickness of the films. 
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Calculation of magnetic moments in Ho 2 C 3 nanocrystals 
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A general approach to the computation of effective magnetic moments in rare-earth carbides is 
described, and details of this calculation for Ho 3+ ions in H 02 C 3 are presented. This calculation is 
designed to explain the reduced magnetic moments, relative to free ion values, measured by dc 
SQUID magnetometry for H 02 C 3 nanocrystals. Crystal-field splittings of the rare-earth ion in a 
particular symmetry site are determined by the operator equivalent method. Using the eigenvalues 
and eigenfunctions of the crystal-field Hamiltonian, the effective magnetic moment is then 
determined. For Ho 3+ ions in Ho 2 C 3 , this method predicts a reduced magnetic moment, but the 
degree of reduction depends on the energy-level splittings and, therefore, the temperature. This 
magnetic moment is compared with previous experimental results, and the implications of the 
formal carbon charge, screening, and temperature are discussed. 


I. INTRODUCTION 

Carbon-coated gadolinium and holm.um sesquicarbide 
nanocrystals have been prepared in a carbon arc, and the 
details of their synthesis, structure, and measured magnetic 
behavior have been reported previously . 1,2 The gadolinium 
ions in Gd 2 C 3 have an & S 1/2 electronic ground state which is 
unaffected by the crystal field. However, the Ho 3 * ions 
found in Ho 2 C 3 do not show the free ior behavior. For a 5 / g 
electronic ground state, the predicted effective moment, 
g[J(J+1)] 1/2 , is 10.61 fi B , but /x eff ~7.5 fig was found 
experimentally . 2 Here we present the details of a crystal-field 
calculation for Ho 3+ ion« in Ho 2 C 3 , aimed at understanding 
the reduced magnetic moment, and in laying the groundwork 
for similar calculations for other rare-earth sesquicarbides, 
dicarbides, and rare-earth-containing fullerenes. 

II. CRYSTAL-FIELD CALCULATIONS 

The free ion energy levels are perturbed by a crystal 
field. The Hamiltonian for this perturbation, H Cf , can be 
written in terms of operator equivalents, O™, 

tf CH =2w> *»« n . (1) 

n,m 

The crystal-field intensity parameters, B are given by the 
expression 

K = [“ |e|/ 47 re 0 ]< r")@„y nm N „ m . (2) 

Here ( r") is the expectation value for the nth power of the 
/-electron radius and Q„ is the Stevens’ factor, both of which 
are tabulated for various rare earth ions . 3,4 N nm is the coef¬ 
ficient for the Tesseral harmonic Z™, and y nm is the lattice 
sum over the neighboring ions, which have fixed positions 
and charges for a particular structure. The operator equiva¬ 
lents 0™ are functions of J + ,J_,J Z , and J. The eigenstates 
for the ion perturbed by the crystal field are generated from 
superpositions of free ion | JM) states. This method, re¬ 
viewed by Hutchings , 3 has recently been used to calculate 


’’Author to whom correspondence should be addressed. 


the energy levels of the rare-earth ions inside C 60 molecules . 5 
Here we use this information to calculate the effective mag¬ 
netic moment per ion fi e{{ for Ho 2 C 3 . 

III. ENERGY LEVELS AND EIGENSTATES OF Ho 3 * IN 
HO2C3 

Ho 2 C 3 has a body-centered-cubic structure (143d) with 
the Ho 3 * ions in positions of C 3 site symmetry. To model the 
crystal field experienced by a Ho 3 * ion in this solid, we 
included 11 neighboring carbon atoms and the 12 closest 
Ho 3 * neighbors (Fig. 1). The atomic positions were taken 
from published x-ray and neutron data for bulklike Ho 2 C 3 
powder , 6 and the only free parameter was the charge on the 
carbon atoms. In many carbide molecules 6 and solids , 7 bond¬ 
ing occurs between the metal atom and C-T dimer units, and 
the formal charge varies with the material . 7 Previous results 
for Ho 2 C 3 suggest that the holmium ions carry a 3+ charge, 
and the carbon dimers have a reduced charge because they 
donate electrons to a conduction band . 6 In our calculations 
the formal dimer charge was varied between 2- and 4-. 
The calculated lattice sums y nm over the near-neighbor Ho 3 * 
ions shown in Fig. 1 contributed only about 10% of the total, 
showing that the carbon dimers dominate the crystal field of 
a holmium ion in Ho 2 C 3 . 

Since the holmium ions have C 3 site symmetry, only 
some of the operator equivalents contribute to the crystal- 
field Hamiltonian: 

// cf (C 3 )=B?0?+5 6 0“+B“0 6 +5 3 0 3 +B 3 0 3 +5 6 0 6 

(3) 

Here B n n \ refers to the imaginary part of B n ‘, and the crystal 
axes were chosen to minimize the contributions from the B\, 
and B\, terms. 

Using the free ion basis set, | JM), with J= 8 , the 17X17 
matrix was diagonalized to determine the energy eigenvalues 
E, and the eigenfunctions |T/): 

!*,> = £ aJJM). ( 4 ) 
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FIG. 1. (a) Ho 3+ ion with II nearest-neighbor Ho 3+ ions, (b) Ho 3+ ion with 
12 nearest-neighbor carbide ions. 



FIG. 2. Energy levels of Ho 3+ as a function of carbon dimer charge mag¬ 
nitude. Energies are relative to that of a free Ho 3+ ion. A more detailed 
description cf the energy eigenstates for the dimer charge of -2.0 is found 
in Table 1. 


From group theory, the J=8 electronic ground state for a free 
Ho 3+ ion should split into five ‘r\ states and six 2 r 2 states 
when perturbed by a C 3 crystal field. As shown in Table I, the 
formal calculation did indeed result in six doublets and five 
singlet states. While the energy-level splittings varied with 
the formal charge on the carbon dimer, the relative ordering 
was the same (Fig. 2), and the makeup of the energy eigen¬ 
states was not significantly affected. The lowest doublet con¬ 


sisted predominantly of M = +8 and -8 states, and the next 
lowest doublet was mainly A/ = +7 and -7 states. For all 
formal charge values there is significant population of ex¬ 
cited states at 300 K. 

IV. MAGNETIC MOMENT OF Ho 3+ IN Ho 2 C 3 

In the limit of small HIT, the paramagnetic susceptibil¬ 
ity is given by 


TABLE I. Ho 2 C 3 eigenvectors for C 2 . 


Eigenvector (energy) 


|'T u )=0.988|±8>+(±0.142 - 0.056i|±5>, [£ u /*=0.00 K] 

|^M> =0.986|7±>+(±0.149 - 0.063i)|±4>, [E h4 /k- 18.39 K] 

i'J , 5 )=(-0.505-0.479i)|6)+(-0.1l7-0.040i)|3>+0.002i|0)+(-0.112-0.05lt)|-3)+0.696l-6>, [£ 5 M=72.87 K] 

|'1' 6 )=O.697|6)+(O.109 -0.049i)|3)+(0.024 -0.010i)| 0)+(-O 113-+-0.040r)|—3> -+-0.506—0.479/)|—6>, [£ 6 /*=72.96 K] 
j'k 7>8 )=+0.003|±4>+(0.022±0 04i)|±l>+(+0.164 - 0.079i)|+2>+0.97l|+5>+(0.142-0.056i)|4:8> > [£,,„/* = 145.56 K] 
i%)=(-0.l36-0.057i)|7>+(0.002 - 0002i)|5>+0.880|4)+(-0.010)+0.011i)|2>+(0.154- 0.081t)|l>+(0.078-0.01li)|-l)+(0.032+0.007/)|2> 

+(-0 326+0 234i)|-4)+(0.006 +0.001i)|-5)+(-0.035+0.057i)|-7), [£ 9 /Jt=217.00 K] 

|'k 1 „>=(-0.001+0.001i)|5>+(0.035 -0.008i)|2)+(~0 169-0.089i)|--l)+0.967|-4)+(0.149-0.063i)|-7), [£, 0 /*=217.00 K] 
l'kii) = (-O.U2- 0.048i)|6)+0.68l]3>+(0.076 - 0.194i)|0)+(0.501+0461r)l-3)+(0.115+0.041i)l-6>, [£,,/£=275.36 K] 
l'k|2>-(0112-0.047i)|6>+(-0464 +0.503.)|3)-i (-0.169+0.073t)|0)+0.684|-3>+(0.110-0.050i)|-6), [£ n //c=283.13 K] 
|^',3>=(0.006-0.009i)|8)+(—0.165 -0.076r)|5)-t-(0.962|2)+(0.181-0.082i)|-l)+(—0.011-0.038i)l-4)+(-0.004-0.003r)|-7>, [£ I3 /Ar = 326 61 K] 
|^,4>=(0.003-0.0030|7)+(-0.011+0.038i)|4)+(0.001+0.001/)|2>+(-0.181-0.082i)|l>+0.962l-2>+(0.165-0.076i)l-5> 

+(-0.004-0.00301-8), [£ U M=326.61 K] 

|% s >=(0.001-0.0010|8>+(0.001+0.002r)!5>+(-0.179-0.085i)|2>+0.96l|-l)+(0.172-0.082i)|-4)+(0.006-0.014r)|-7>,[£ 15 /Jt=355.84 K] 
|'l' 16 )=(0.006+0.0140|7)+(0.001+0.001t)|5)+(-0 172-0.081i)|4>-H-0.014+0.002i)|2>+0.959|l)+(0.055-0.038i)|-l>+(0.179 -0.085i)|-2> 
+(0.007-0.0110|-4>+(0.001-0.025r)l-5>+(-0.001r)|-7)+(-0.001-0.0010l-8>, [£ ls16 /*=355.84 K] 
|'F 17 >=(0.005+0.019i|6>+(-0.177-0.085i)|3>+0.960|0>+(0.177 -0.085i)|-3>+(0.005 -0.019i)|-6>,[£. 7 /*=365.73 K] 
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FIG. 3. Effective magnetic moment for Ho 3+ with a carbon dimer charge ot 
-2.0 as a function of temperature, with assumptions concerning off- 
diagonal elements as noted in the text. 


X pm =Nvlg 2 J(J+mkT=Nn 2 /3kT, (5) 

for a free rare-earth ion with ground-state angular momen¬ 
tum J. Here fi is the magnetic moment of the free ion. In the 
full quantum-mechanical treatment , 8 \ depends on the statis¬ 
tical averaging over the energy eigenstates. While there are 
several contributions , 9 the effective magnetic moment deter¬ 
mined from the magnetization curve measured with a 
SQUID magnetometer is related to the low-frequency term 

/A^\ 

M3 kT ) 


Earlier SQUID magnetometry measurements 2 yielded a 
temperature-averaged value of /x eff =7.5 fi B . There the data 
were scaled as a fimetion of HIT , and results from all tem¬ 
peratures were fit simultaneously . 11 Experiments are under¬ 
way to study the degree of temperature dependence in order 
to place limits on the carbon dimer charge. Refinements in 
the crystal-field calculations to incorporate screening of the 
conduction electrons will also have an impact on the energy- 
level splittings, and theiefore on the temperature dependence 
of the magnetic moment. 


V. CONCLUSIONS 

Crystal-field calculations were performed to determine 
the ground-state energy-level splittings for Ho 3 ' ions in 
Ho 2 C 3 . The energy eigenstates were used to calculate the 
low-frequency paramagnetic susceptibility and the effective 
magnetic moment. In comparison with SQUID magnetom¬ 
etry measurements, this calculation underestimates the re¬ 
duction of the magnetic moment. However, information con¬ 
cerning important fitting parameters may be obtained by 
detailed temperature-dependent measurements of fi cff . 

Note added in proof: A marked increase in the magnetic 
moment with increasing temperature has been observed ex¬ 
perimentally, thought the error bars for fits of the high- 
temperature data are quite large. When the data taken at dif¬ 
ferent temperatures are scaled and fit as a group, the low- 
temperature contributions dominated in the determination 
that yu eff =7.5 p, B . 
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2 2 (JM\M 2 cxp(-Ej/kT)\JM) 

1 M 

x-. (6) 

2 2 (JM\ cxp(-Ej/kT)\JM) 

J M 

For Ho 3+ ions in the Ho 2 C 3 crystal field, we treated only the 
ground electronic state multiplet, which has J= 8 . The next 
lowest electronic state in the free ion, 5 / 7 , lies over 5000 
cm -1 higher in energy and is not appreciably populated in 
the experimental measurements . 10 With the crystal-field 
eigenfunctions and eigenvalues, the expression for \ > s 

( , 2 2 (JM\a; M a lM M 2 exp(-E,/kT)\JM) 

_ N vh 2 ) ■ « 

X I 3 kf I ’ 

2 2 (JM\a* M a lM exp(-E,/kT)\JM) 

i M 

= Np; tt /3kT. (7) 

The effective moment per Ho 3+ ion, /x eff , differs from tne 
free ion moment because of the removal of the free ion de¬ 
generacy, and because the costal-field splittings lead to a 
temperature-dependent moment. Figure 3 shows the tem¬ 
perature dependence of 'he moment for the case where the 
carbon dimer charge equals -2.0. For larger carbon dimer 
charge values, the temperature-dependent drop-off is less 
pronounced. 
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"in this sample, electron diffraction has shown the presence of cubic 
«-Ho 2 C 3 . No evidence of Ho 5 L 19 has been observed. In comparing the 
experimental and calculated values, a factor of 1/3 should be introduced in 
the susceptibility formula to account for random orientations of the indi¬ 
vidual crystals. 
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Kramers’s rate theory, broken symmetries, and magnetization reversal 
(invited) 

Hans-Benjamin Braun 

Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada 

The theory of thermally induced magnetization reversal in small particles is reviewed. The 
conventional Neel-Brown theory for uniform magnetization reversal and its derivation from 
Kramers’s rate theory are first discussed. For sufficiently elongated particles, however, a nonuniform 
energy barrier (“nucleus”) has lower energy than the uniform barrier and thus yields a lower 
coercivity. This coercivity reduction is shown to occur also for vanishing hard-axis anisotropy when 
the nucleus breaks the rotational symmetry around the easy axis. The prefactor of the Arrhenius 
factor is calculated for uniform and nonuniform barriers. 


I. INTRODUCTION 

Recent years have witnessed tremendous progress in the 
preparation of magnetic particles on the scale of a few na¬ 
nometers. Such particles typically exhibit two degenerate 
equilibrium directions of the magnetic moment which are 
separated by an anisotropy barrier. 

As the thermal energy k B T approaches the barrier en¬ 
ergy, thermal fluctuations drive the magnetization from the 
metastable state over the lowest-energy barrier into the adja¬ 
cent anisotropy minimum. Recent experiments on a single 
particle 1 or lithographically produced arrays 2 of even smaller 
particles reveal a coercivity that is substantially smaller than 
that predicted by standard theories of magnetization reversal. 

The most widely used theory is that by Neel 3 and 
Brown. 4 It is based on the picture that all spins within the 
grain are aligned and behave like a single large magnetic 
moment. The switching rate out of the metastable state is 
then given by the Arrhenius factor cxp[~E s /k B T] where the 
barrier energy E s is proportional to the total anisotropy en¬ 
ergy and thus to the particle volume. 

With increasing aspect ratio of the particle, this assump¬ 
tion of a uniform magnetization becomes questionable. A 
recent study 5 which includes the exchange interaction of 
magnetic moments along an idealized long particle with con¬ 
stant cross section has indeed shown that the energy exhibits 
a saddle point corresponding to a localized deviation 
(“nucleus”) from the initial metastable state. This nucleus 
can also be viewed as a soliton-antisoliton pair. 6 

These exact results showed that several previous con¬ 
cepts have to be thoroughly revised: For sufficiently elon¬ 
gated particles, the barrier energy is proportional to the 
cross-sectional area of the particle rather than the particle 
volume. Second, the concept of an “activation volume” is 
misleading: Even if the nucleus represents an already re¬ 
versed domain delimited by two domain walls [see Fig. 
l(ii)], the barrier energy is not proportional to the volume of 
the reversed domain but rather equals the total energy of the 
delimiting domain walls. Third, it can be shown that the 
energy decreases monotonically from the saddle point until 
the magnetization is reversed. This is in contrast to a saddle 
point of assumed curling symmetry (where the radial com¬ 
ponent of the magnetization vanishes). Such a constraint re¬ 
quires the magnetization at the “backbone” in the cylinder 
center to remain in the initial state even if the magnetization 


outside this central region is reversed. This obstructs the way 
down from the putative saddle point of curling symmetry by 
an additional energy barrier of topological origin which in 
the case of a continuous magnetization distribution is even 
infinitely high. This can only be avoided by breaking the 
rotational symmetry of the magnetization distribution at the 
cylinder center. For small particle diameters, we are then led 
to an effectively one-dimensional model 5 that will be de¬ 
scribed below. 

The purpose of this article is twofold. We start with a 
review of the theory of uniform magnetization reversal with 
particular emphasis on the difference between the rotation- 
ally symmetric case of a single easy-axis anisotropy 3,4 and 
the case of an additional hard-axis anisotropy. 7,8 These re¬ 
sults have been derived by a variety of methods and unfor¬ 
tunately no recent review exists in the literature. Therefore, 
Kramers’s rate theory is presented in the Appendix in a form 
which can be readily extended to nonuniform situations or 
systems of interacting particles. 

In Sec. IV it is shown that in elongated particles a spa¬ 
tially localized deviation, (“nucleus”) from the metastable 
state provides the lowest barrier. The same nucleus also ex¬ 
ists for vanishing hard-axis anisotropy where it breaks the 
rotational symmetry. This symmetry breaking gives rise to a 
Goldstonc mode of zero energy which corresponds to an in¬ 
finitesimal rotation of the saddle-point structure around the 
easy axis. By taking advantage of this symmetry, the statis¬ 
tical part of the prefactor is evaluated exactly for all values 
of the external field. 

II. MODEL 

Let us first consider an elongated particle of constant 
cross section The energy of a one-dimensional (ID) mag¬ 
netization configuration M(x,r) of constant magnitude 
|M|=A/ 0 is given by 



The particle length L is assu med t o be considerably larger 9 
than the domai n-wall width yA/K e . For particle diameters of 
the order of \jA/K e or smaller, transverse fluctuations are 
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FIG. 1. The nucleus (3.2) for nonuniform magnetization reversal at (i) large 
external fields (h- *1) and (ii) small external fields. For vanishing hard-axis 
anisotropy, this configuration is degenerate with all configurations that arise 
by a rotation around the easy axis. 


suppressed and a ID treatment is justified. The first term in 
the integrand of Eq. (2.1) is the exchange interaction be¬ 
tween adjacent magnetic moments along the particle. The 
next two terms are effective easy and hard-axis anisotropies 
of strengths K e ,K h > 0, respectively. They incorporate both 
crystalline and demagnetizing contributions . 10 For exampie, 
for an infinitely long sample of circular cross section, we 
have K e ^e,cryst + TfA/ 0 , K /i cryst» where k CtCtys{ , 

k h< cry S , are crystalline anisotropy constants. The last term in 
Eq. (2.1) describes the interaction with an external fieid //„, 
along the easy axis, which is conveniently expressed as 

h=H ext M 0 l2K e . (2.2) 

It is appropriate to use spherical coordinates, 

M/A/ 0 =(sin 0 cos 0,sin 8 sin 0,cos 0), 

where 0=0(x,t) and 0=0(x,t). The energy (2.1) then takes 
the form 



— AT e (sin 2 0 cos 2 0- 1 )-//„,A/ 0 (sin 0 cos 0+ 1) , 


(2.3) 


which is measured relative to the metastable state antiparallel 
to the external field. The magnetization is assumed to obey 
the Landau-Lifshitz-Gilbert equations 

#M / a \ 

— =-yMXH,„+|—jMx—, 

with H eff =-$?/<5M, which can be expressed as 


A / 0 d(f) 8‘6 a 86 

(1 + a*) —sin 0 —--T 2 ~-r—z-r 2 , 
v dt 86 sin 6 8t)> 


(1 + a 2 ) 


M 0 00 
y dt 


1 86 


86 


sin 6 80 01 80 ’ 


(2.4) 


where 6=EL 6 is the energy per area and 8/80 denotes a 
functional derivative. The terms containing a>0 describe 


damping. For small values of the damping constant, the a 
dependence of the left-hand side (lhs) can be neglected. 

The uniform configuration (0 m =i r, 8 m = 77 -/ 2 ) antiparallel 
to the external field represents a metastable state while the 
state (0 o =O, # 0 = 7 T/ 2 ) parallel to the external field is the 
minimum of the energy (2.1). In the following we investigate 
the energy barriers that separat. these two states. 

III. UNIFORM MAGNETIZATION REVERSAL 

If the dimensions of a magnetic grain are smaller than a 
domain-wall width, the exchange energy dominates over de¬ 
magnetizing contributions. The individual atomic magnetic 
moments are aligned and the system can be described by a 
uniform magnetization M=const. The energy of an arbi¬ 
trarily shaped particle of volume V is then given by 

E=V[-K e ( sin 2 6 cos 2 0-1 )+K h cos 2 0 

-H cxl M 0 (sin 0 cos </>+l)]. (3.1) 

For 0</i <1, the metastable state (0 m ,0 m ) is then separated 
from the stable state (<•/>„,#„) by two equivalent barriers de¬ 
fined by 

cos 0 { s O) =~h, 6 >< 0) = 7 t/2 , (3.2) 

which have the energy 

E { s 0) =VK e (\-h) 2 . (3.3) 

In the vicinity of the saddle point, the energy (3.1) can be 
expanded to second order in the fluctuations <p=0-0O )) , 
P-tt/2-0, 

E~E^+V[-K e (\-h 2 )r + K h p 2 ]. (3.4) 

The i p fluctuations are thus unstable while the out of easy- 
plane fluctuations are stable. In the vicinity of the metastable 
state the energy becomes 

E = V{K e ( 1 -h)(p 2 n +[K e (l-h) + K h )p 2 m }, (3.5) 

where <p m , 6 m are now the stable fluctuations away from the 
metastable point, i.e., <p m =0 -it, p m = tt/2- 0. 

The uniform magnetization M obeys the equations of 
motion (2.4) with 6 replaced by the energy density E/V and 
with the functional derivatives replaced by partial deriva¬ 
tives. The dynamics near the saddle point is obtained by 
inserting Eq. (3.4) into Eq. (2.4). In particular we are inter¬ 
ested in the motion away from the saddle point, i.e., 

[<p+(r),p + (f)] = e x+ '(<^ ,p*.) (A + > 0 ), 

which obeys 

O A/ A r. 

(1 + cr) — k + <p + = -K h p ¥ + aK e (l-h~)(p + , 
ly 

M (3>6) 

(1 + a 2 ) -^■\^p + = -K l ,(l-lr)<f> + -aK h p + . 

2y 

Note that the Landau-Lifshitz equation (2.4) is not con¬ 
sistent with the fluctuation-dissipation theorem since it lacks 
random forces which result from the coupling to the heat 
bath. Without such random forces, the magnetization would 
never be driven out of a metastable state. Such a term could 
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be added as a random field 4 to the right-hand side (rhs) of 
Eq. (2.4) to form a Langevin equation. However, it is only 
necessary to consider the stochastic dynamics near the saddle 
point, and we give a derivation of the corresponding 
Fokker-Planck equation in the Appendix. 

Using the result Eq. (All) of the Appendix, we obtain 
for the switching rate 7,8 out of the metastable state 

r . it (37) 

where we have included a factor of 2 due to the existence of 
the two equivalent saddle points (3.2). The escape 
frequency 7,8 follows from Eq. (3.6), 

k+= TT${~ a[ Kh+K'(h 2 -l)] 


+ ja\K h +K e (l-h 1 )f+*K„K e (l -h 1 )}. 


(3.8) 


For weak hard-axis anisotropy, i.e., fiVK h < 1 and 
K e >K h , the out of easy-plane fluctuations become large and 
the system behaves as if K h = 0. In this case, there is a de¬ 
generate class of energy barriers which arise from the con¬ 
figuration (3.2) by rotation around the easy axis. Equation 
(A12) then yields the switching rate 3,4 


r= 


1 + cr 


2 y(K e ) 
A/„ 


3/2 


7T 


1/2 


—) (! + /»)(l-/t)V^ 0> . 


(3.9) 


Although Eq. (3.9) has been derived in the moderately 
damped regime, it is proportional to the damping constant a 
which is a characteristic of underdamped theories. 


IV. NONUNIFORM MAGNETIZATION REVERSAL 


Let us now return to the case of an elongated particle as 
described in Sec. II. The metastable state (4> m ,0 m ) along the 
sample and antiparallel to the external field is now separated 
from the stable state ( 4 > s , 0 S ) by the nonuniform energy bar¬ 
rier (see Fig. 1), 


tan 


tl 

2 


cosh[(x-x 0 )/(5] 
sinh R 



(4.1) 


where sech 2 R = h and S - \jA/k e coth R. 2 SR is the dis¬ 
tance between the soliton and antisoliton constituting the 
nucleus (see Fig. 1). We have restricted ourselves to one of 
the two equivalent saddle points ± <f > 5 . The arbitrary position 
x 0 of the nucleus along the sample gives rise to a Goldstone 
mode of zero energy in the spin-wave spectrum. d> s solves 
the Euler-Lagrange equations, 

~(A/K e )d 2 (f>/dx 2 + sin <t> cos 4>+h sin <f>= 0, 


with the boundary condition that <f> merges asymptotically 
into the metastable state. The corresponding barrier energy is 

E s = 8 -jAK e .M tanh R-R sech 2 R ), (4.2) 

where the first term is the deformation energy and the second 
term is the Zeeman energy of the nucleus. Equation (4.2) has 
three important features as follows. 


(i) E s is prop ortion al to the sample cross-sectional area 
and the energy 8 ^AK e of two it Bloch walls. This is in 
contrast to the uniform barrier energy (3.3) which is propor¬ 
tional to the volume. For sufficiently elongated particles, this 
leads to a lower coercivity than theories discussed in the 
previous section. 

(ii) For small external fields {R -»<»), where the nucleus 
consists of a reversed domain delimited by two domain 
walls, the barrier energy is twice the domain-wall energy. 
This shows the invalidity of the “activation volume” concept 
which assumes that the barrier energy equals the total anisot¬ 
ropy energy of the reversed domain. 

(iii) The saddle point is connected to the stable state via 
a path of decreasing energy. Consider the sequence of con¬ 
figurations that arise from Eq. (4.1) if we fix S at the value 
\jA/K e coth R 0 but vary R between 0 and The energy of 
such configurations is 

E = 8sjAK e ^(mhR-R sech 2 R 0 ), 


which increases from 0 (for R=Qi) to E s at R=R 0 and then 
decreases monotonically until the domain walls leave the 
sample and the magnetization is reversed. The way down 
from the saddle point is thus not obstructed by intermediate 
saddle points. As mentioned in Sec. I, this latter problem can 
arise for saddle points of curling symmetry. 

We are now going to investigate the energy near the 
saddle point (f > s . Expanding Eq. (2.3) to second order in the 
fluctuations p(x) = 0(x) - 0 s (x) and p(x) - ir/2 - 0(x) 
around the saddle point, we obtain 

E—E s +.s6 |" dx (p.9tf lf <p+./3 f dx p$r? p p, (4.3) 


with the operators 



d 2 

lx V 

Jff v =A' 

— -j-* + S~ 2 V. 
dx 

[s> R ] 


'dr , 

1 x \] 

.%*>’=A 

~d? + S V+ l 



+ K h 


(4.4) 

(4.5) 


The potentials are defined by 

V--(£,/?)=l-2 sech 2 (£+/?)-2 sech 2 (£-/f) 


±2 sech(£+/?)sech(£-/?). (4.6) 

TWo eigenfunc'ions of the eigenvalue problems 
= E n x s n ' p,p are exactly known: the Goldstone 

mode 


X sech(x/ S-R)- sech(x/ S+ R ) 

of zero energy which corresponds to a translation of the 
nucleus, and the ground state 

Xo Px sech(x/ S- R ) + sech(x/ S + R ) 

of energy E s 0 p =K h . Since the former eigenfunction has one 
node and the latter eigenfunction represents the ground state 
of Jif p , there is exactly one eigenfunction with negative en¬ 
ergy. This proves the instability of the nucleus. Inserting Eq. 
(4.3) into the Landau-Lifshitz equations (2.4), we recognize 
that the decay mode of the nucleus 
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[^ + (^,?), j p + (x,/)]=e x+ '[ip + (A:), i p + (x)], 

with \ + >0 obeys the following eigenvalue problem: 


, M o 

(1 + a 2 ) — \ + <p+=-S% sp p+- 

2y 

(1 + a 2 ) ^ \ + p + = 3?*<p + -a3?’’p + . 
ly 


(4.7) 


For the derivation of the switching rate we refer to the 
Appendix. For /i->i, Eq. (All) can be evaluated exactly 11 
and we obtain the switching rate 


r= 


7 


1/2 


8 yKe 
Mn 




(4.8) 


This result is plotted in Fig. 2 which clearly illustrates the 
coercivity red uction compared to uniform reversal. For small 
K h , i.e., /3^\lAIK e K h < 1, this result is not valid and we 
have to investigate an energy density with vanishing hard- 
axis anisotropy K h = 0. The energy (2.1) then exhibits rota¬ 
tional symmetry around the easy x axis. To account for this 
symmetry, it is more convenient to measure the polar angle 
from the external field, i.e., 


M/A/ 0 =(cos r, sin t cos w, sin r sin co) 


(see Fig. 1). r s (x)~d> s (x) solves the Euler-Lagrange equa¬ 
tions in these new parameters, but it is completely degener¬ 
ate with configurations that arise from Eq. (4.1) by a rotation 
around the easy axis by an angle 0*Sw s <27r (see Fig. 1): A 
given saddle-point structure (t s ,oj s ) thus breaks the rota¬ 
tional symmetry and there must be a corresponding (Gold- 
stone) mode of zero energy in the spin-wave spectrum which 
corresponds to an infinitesimal rotation of the nucleus around 
the easy axis. As is shown in the Appendix, this rotation is 
equivalent to the ground state of Jff p which acquires 
zero energy for K h = 0. The explicit knowledge of the rota¬ 
tional and the translational Goldstone mode allows the evalu¬ 
ation of the statistical prefactor for all values of h, n and we 
obtain from the Appendix 


r = 


64yK e (1 - /i) 2 
1 + a 2 ttM 0 ' ' h 


e-t\ 


(4.9) 


where for aSl, \ T = a(Eo << '| Inserted into Eq. (4.9), this vlaue 
for X + also provides a good approximation of the switching 
rate for aSl. The prefactor in Eq. (4.9) remains finite since 
for small /i, 11 we have E s ^= -2hK e and for h—> 1, 
E^=-3(\-l,)K e . 


V. DISCUSSION 

We have presented magnetization reversal rates for uni¬ 
form and nonuniform magnetization reversal. It has been 
shown that for elongated particles, a spatially localized 
nucleus gives rise to a lower coercivity than a uniform bar¬ 
rier. This is also valid for the case of a vanishing hard-axis 
anisotropy as is illustrated in Fig. 2, where the switching rate 
is plotted as a function of the external field. The following 
material parameters have been used: A =5X 10“ 7 erg/cm, 
K e =TrMl=lX 10 s erg/cm 3 , A/ 0 =480 Oe, y=1.5X10 7 


particle diameter=100 % aspect ratio=15:1 



FIG. 2. Magnetisation reversal rate for uniform and nonuniform reversal 
The dashed line is the approximation of “constant attempt frequency” 
r=*( 2yK e /M o)exp( - fSE s ). 

Oe -1 s~‘, T=300 K, K h =KJ 5, and a=0.05. Note that the 
value of the prefactor considerably affects the value of the 
rate as is illustrated by the three curves for nonuniform re¬ 
versal which all have the same Arrhenius factor. 

In view of recent experiments, one should keep in mind 
that the coercivity changes drastically 12 with the angle be¬ 
tween the external field and the particle axis. A precise align¬ 
ment of the particle with respect to the field is therefore 
extremely important. 

Note that we have assumed a constant cross section of 
the particle. If the particle cross section is not constant, non- 
uniform barriers at different x 0 are no longer degenerate but 
they form a distribution of energy barriers. A single particle 
can therefore behave like an ensemble of many particles. 

So far we have neglected effects that occur at the particle 
ends. The present treatment, however, also allows a first es¬ 
timate for nucleation occurring at the particle ends. Assum¬ 
ing that the anisotropy persists to the very end of the particle 
and that the magnetization obeys open boundary conditions 
dM/dx(±L/2)=0, the nucleus (4.1) with x 0 =-LI2 re¬ 
stricted to x>0 describes the nucleation of a domain wall at 
the sample end at x= -LI 2. The corresponding barrier en¬ 
ergy is then half that of the nucleus EJ2. In a real sample, 
however, the demagnetizing energy will lead to a decrease of 
the easy-axis anisotropy from K e = K e>aysx + ttM q to K e 
- ^e.cryst at the sample end and thus lead to a modification of 
this picture. Finally, it should be noted that this behavior 
could be investigated experimentally by artificially pinning 
the sample ends by, e.g., a high-coercivity material. 
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APPENDIX 

In this appendix we construct a Fokker-Planck equation 
for the magnetization dynamics and derive the corresponding 
switching rate. We focus on the moderately damped regime 
and barriers which are high compared to the thermal energy 
k B T. Since the prefactor is of the order 10 10 s \ this condi¬ 
tion is satisfied even for large switching rates. 
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The present formalism which is based on work by Kram¬ 
ers and Langer 13 allows us to rederive the results of Ziircher 7 
and Klik and Gunther 8 in a simple way. In addition, this 
method can be readily extended to interacting particles and 
nonuniform magnetization configurations. 5,11 

To simplify notation, it is con venien t to use dimension¬ 
less units defined by [*] = %/ A/K e , [£/V] = 2 K e , 
[t] = (l + a 2 )M 0 /(2yK e ). Introducing the vectors ip={<p,p), 
h = (h sip ,h sp ) with h sip =h 2 -l, h=k h /k e , the energy (3.4) 
near the saddle point reads E—Ef’+ \ 2,/i,0f. The equations 
of motion linearized around the saddle point take the follow¬ 
ing form: 


dill: x~, 

~ = -2 M lj h J ifi,{t), (Al) 

where M is a matrix with M n = M 21 =a, M 12 = ~M 2 i = l- 
The unstable mode tp,(t) - e x+ '</r, + with X + >0 [Eq. (3.6)] 
thus obeys the equation 


>v + ^ + = -2 A iijhjtf. 
i 


(A2) 


Rather than investigating the stochastic trajectories ip,(t) that 
arise by adding noise terms to Eq. (Al) we now focus on the 
probability p(tp,) n, dip, of finding the system in a phase- 
space volume element Tl, dip, around the state ip, . The dy¬ 
namics of this probability distribution is then governed by 
the Fokker-Planck equation 


dp , ^ i 

dt 7 dill, 


= 0 , 


(A3) 


with the probability current 


1 d 


2 A/, ; | hjipj+ • 

1 \ P dipj) 


(A4) 


lowest energy between the metastable and the stable state. 
The goal of calculating the switching rate out of the meta¬ 
stable state thus amounts to the evaluation of the total prob¬ 
ability current of a stationary nonequilibrium distribution 
through a surface near the saddle point. 

Since we consider high barriers, the desired nonequilib¬ 
rium probability distribution p will thus approach an equilib¬ 
rium distribution in the vicinity of the metastable state while 
it has to vanish beyond the saddle point. Following Kramers, 
the stationary nonequilibrium distribution is assumed to fac¬ 
torize as follows near the saddle point: 

p = p cq F(u), (A6) 

where F depends on the single coordinate u = 2,Ujip, (even 
in the case of arbitrarily many degrees of freedom), with 
coefficients Uj to be determined. Inserting Eq. (A6) with Eq. 
(A5) into Eq. (A3) and using dptdt -0 we obtain 

_ dF 1 v, d 2 F 

- 2 A^ 2 M,jU,U, — = 0, (A7) 

ij du p ,, du~ 

where the above boundary conditions imply F(—°°)=1, F(“>) 
=0. The consistency of the ansatz requires this to be a dif¬ 
ferential equation in u alone, and thus 

2 MJi.ip.Uj^Ku, i2 M, J U,U J =yK. (A8) 

‘1 P >i 

First we note that '2, J M, J U I U I = a1,U 2 and thus yx> 0. To 
elucidate the meaning of k we remark that the first equation 
in Eq. (A8) is solved by U J =h ] tp* and therefore 

K~-'k + < 0. The constant y will cancel in the final result. 
Equation (A7) then takes the form 
-u dF/du + y d 2 F/du 2 -0 and the boundary conditions on 
F are satisfied by the solution 

-e)- (a9) 


Note that due to the structure of M only the diagonal part 
contributes to the second term in Eq. (A4). Equation (A3) 
can be formally derived from a Langevin equation with 
Gaussian white noise, but it is more instructive to consider 
the following heuristic motivation: (i) The coefficient of ip, in 
Eq. (A4) is constructed such that d(ip,)/dt = (dip l /dt). (The 
expectation value is defined as (/) = jn,dip,fp)\ (ii) the co¬ 
efficient of the derivative is determined such that the equi¬ 
librium distribution near the saddle point, 


p cq =Z exp 




(A5) 


is a static solution of Eq. (A3) with vanishing current, where 
P~PV and e^=E^/V. 1 is the normalization with respect 
to the vicinity of the metastable state. 

Equation (A3) represents a continuity equation in phase 
space. The “leakage” of the system out of a certain region of 
phase space, e.g., the vicinity of the metastable state, is thus 
given by the flux through the boundary of this region. Due to 
the Boltzmann factor exp(-/?£), this flux will be maximal 
around the saddle point which represents the connection of 


Inserting Eqs. (A9) and (A6) into Eq. (A4) we obtain 
1 dF 

J~ ~ 2 A/ ijUjP^ ~ . 

0 , du 

The switching rate is then given by the total probability flux 
through a surface near the saddle point which we choose for 
convenience to be u =0, 

r= J u 0 <tf2 f[n dip,S(u) Per 

(A10) 

The equilibrium probability density thus has to be evaluated 
near the saddle point where it is given by Eq. (A5). Using 
<5(u) = f(dq/2Tr)cxp(iqu) we perform first the integration 
over the stable directions and then over q. The coefficient of 
the resulting final Gaussian integration over the unstable 
mode is negative although the energy decreases along this 
unstable direction. This follows from Eq. (A8) which implies 
that S,Uf//j, = ^y<0. Since p cq is strongly peaked around 
the metastable state, we can use a Gaussian approximation 
and obtain Z = U,^2Tr/0h m , where h m ^=\~h and 
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h mp = 1-h +K h /K e are the coefficients in a quadratic expan¬ 
sion of the energy (3.5). We thus finally obtain for the 
switching rate 


r= 


x+ 

2tt 




(All) 


where X + is the decay frequency of the nucleus and the re¬ 
maining term is the ratio of the partition functions evaluated 
in Gaussian approximation at the saddle point and the meta¬ 
stable state respectively. In the derivation of Eq. (All) it has 
been assumed that there is only one single saddle point. 
Since Eq. (3.2) defines two equivalent saddle points, Eq. 
(All) has to be multiplied by a factor of 2 to yield the result 
(3.7). 

Note that the result (All) is completely general and can 
be extended to other situations with artibrarily many degrees 
of freedom such as interacting particles and spatially nonuni- 
form situations. 

We now focus on the situation of a vanishing hard-axis 
anisotropy K h = 0. In this case, h sp ~K h /K e becomes zero 
and the formerly stable direction at the saddle point becomes 
flat. There is now a completely degenerate class of saddle 
points which is conveniently expressed in terms of r and to 
as in Sec. IV. The saddle point is then given as in Eq. (3.2), 
cos 7 ^ 0) = -h, but as a consequence of the rotational symme¬ 
try around the easy axis the azimuthal angle is 

arbitrary. 

Since the previous treatment required the existence of a 
stable direction at the saddle point, the derivation of the 
switching rate now proceeds along somewhat different lines. 
The difficulty arises when we try to perform the integration 
in Eq. (A10) over the variable ifo—p which diverges since 
h sp -0. The infinite integration domain in Eq. (A10) is, how¬ 
ever, only sensible if the Gaussian approximation of the par¬ 
tition function provides a sufficiently fast decay. Since this 
integration is related to the rotational degeneracy, it is inad¬ 
equate to use an infinite integration domain. It rather has to 
be replaced by a finite integration over the angle Since 
a rotation around the easy axis by an angle dw corresponds 
to a fluctuation dpi sin 7 * 0) , the correct value for the integral 
is 


dp -,=sin r* 0) f d(jo < f ) =2v sin Tj 0) , 
Jo 


which replaces the former term -J2tt! fih sp in Eq. (All). In 
dimensionless units the rate becomes 


r=x + 


h m ,h mp \ m ( l 1 1/2 

\h sv \ I \2v) 


sin <fi ( 5 0> e 


( 0 ) 


(A12) 


where is given by Eq. (3.2) and the dimensionless es¬ 
cape frequency X+ = a(l-/j 2 ) follows from Eq. (3.6). 


For nonuniform configurations, we obtain by an adapta¬ 
tion of the previous method 11 the following expression of the 
switching rate: 


r=x + 


M\ 

1/2 / det JtT* 

112 j det $r p \ 

2 TT 2 j 

\ det '\&*\i 

\ det / 


(A13) 


which is expressed in dimensionless units. Since there are 
two degenerate saddle points ±<f> s , a factor of 2 has been 
included in Eq. (A13). “det” denotes now the infinite prod¬ 
uct [see Eq. (All)] of the eigenvalues of the fluctuation op¬ 
erators and the prime denotes omission of the eigenvalue 
E\*= 0. 3f n,f =-d 2 /dx 2 +l-h, 3& ttp =3ff n,p +K h IK e de¬ 
scribe flu ctuations aroun d the metastable state {<t> m ,6 m ) and 
S§ = L ']E s /2,/?j\]AK e arises from the integration over the 
translational Goldstone mode In the limit 1, Eq. 
(A13) can be evaluated analytically 11 with the result (4.8). 

For vanishing hard-axis anisotropy K h = 0, the result 
(A13) fails since the ground state of acquires zero en¬ 
ergy and needs a special treatment in the derivation of the 
rate formula: A rigid rotation around the easy axis by an 
angle da> corresponds to the fluctuation d<p(x)= 0 , 
dp(x)=sin <f> s (x)do). Since sin (p s x Xo'’ we also have 
dp(x) = Xo p dp 0 > and the integration over the mode ampli¬ 
tude p 0 in the Gaussian integral in Eq. (A10) can be ex¬ 
pressed as 

f I f + °° \ 1/2 [2n 

J dp 0 = j dx sin 2 (fi s 1 dio 


= 4ir(tanh R+R sech 2 R, 

which replaces the factor V 2 -rr//3. 4E s f that arises for 
K h * 0. This fact allows an analytic evaluation of the statis¬ 
tical prefactor for all values of h. Using the exact results 11 
for the fluctuation determinants, we obtain Eq. (4.9) after 
reinstating units. 
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Magnetic properties of nanophase cobalt particles synthesized in inversed 
micelles 
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Cobalt particles were prepared with the microemulsion method in the binary system of DDAB 
(didodecyldimethylammonium bromide)/toluene by reduction of CoCl 2 with NaBH 4 . The average 
particle size of the as-prepared samples could be varied from 1.8 to 4.4 nm by controlling the 
concentration of CoCl 2 in the solution of DDAB in toluene. TEM studies showed that the particles 
were quite uniform and well isolated. The particle sizes determined from magnetic data were 
consistent with those measured by TEM. The coercivity of the particles at 10 K increased from 640 
to 1250 Oe as particle size increased from 1.8 to 4.4 nm. The blocking temperature of the particles 
increased from 19 to 50 K for the same size range. The saturation magnetization a s at 2 K increased 
with decreasing particle size. The value of cr s of the particles with average size of 1.8 nm was about 
200 emu/g, which is 20% higher than the bulk value, This implies that the magnetic moment per 
atom is enhanced in the nanoparticle system. 


I. INTRODUCTION 

Nanoscale materials show novel properties that are often 
significantly different from the bulk due to fundamental 
changes in coordination, symmetry, and confinement. In 
magnetic materials advantage has been taken, for a consid¬ 
erable time, of the variation of magnetic properties of fine 
particles due to effects such as single domains, superpara¬ 
magnetism, and surface interaction. Only recently, however, 
have magnetic studies proceeded into the ultrasmall regions 
where more fundamental changes will occur as the bulk 
transforms to the atomic. In this work we describe the syn¬ 
thesis of nanoscale metallic cobalt particles using an in- 
versed micelle synthesis method. A consistent set of size de¬ 
pendent magnetic data are obtained, the most surprising of 
which show an enhanced, relative to the bulk, magnetic mo¬ 
ment per Co atom. 

II. EXPERIMENTAL METHODS 

Cobalt particles were prepared by the microemulsion 
method in the binary system of DDAB/toluene. 1 ' 2 NaBH 4 
was used to reduce CoCl 2 to produce Co particles. First 
CoCl 2 -6H 2 0 was dissolved in a deoxygenated 11 wt% 
DDAB solution in toluene at concentrations of 0.005-0.02 
M. The reagent was trapped in the empty micelles and 
formed a blue transparent solution. Then a 10 M NaBH 4 
aqueous solution was added on the condition of 
[BH 4 ]:[Co 2+ ]=3:l and stirred. It eventually turned from blue 
to black and formed a stable colloid. The colloid was dried in 
a glove bag with all the toluene evaporated and formed a 
paste sample. The cobalt particles were uniformly distributed 
in the DDAB matrix. 

The x-ray spectrum of a paste sample showed only the 
(111) peak of fee cobalt. Since the concentration of cobalt in 
the sample is about 0.6 wt %, the other weaker peaks were in 
the noise. 


When we studied the dependence of the spontaneous 
magnetization on temperature at low field for zero-field 
cooled samples, we found that the particles were not pure 
metallic cobalt when the mole ratio of water to DDAB was 
much larger than one. Figure 1 shows the data for two 
samples with the same preparation except the water content. 
In sample A 60 /il of 5 M NaBH 4 , whereas in sample B 30 
/il of 10 M NaBH 4 , was added to 10 ml of 0.01 M CoCl 2 
solution in DDAB/toluene. Sample A shows two peaks in 
Fig. 1, while its saturation magnetization was just 50% of 
that of sample B, which had only one peak in a vs 7' plot. 
The two peaks imply two magnetic phases in sample A. In 
nonmicroemulsion systems we have shown 3 how water 
causes the borohydrate reduction to create Co 2 B whereas Co 
is created in the absence of water. Thus we interpret the 
resu'..j for sample A to imply that both Co and Co 2 B particles 



T(K) 


FIG. 1. Temperature dependence of the spontaneous magnetization at 
H =50 Oe for zero-field cooled samples A and B. In sample A 60 ^<1 of 5 M 
NaBH 4 , whereas in sample B 30 p\ of 10 M NaBHj, was added to 0.01 M 
CoCl 2 solution in DDAB/toluene The peak at 20 K in both A and B ts due 
to Co; the peak at 60 K in A is due to Co.B. 
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FIG. 2. TEM photograph of the cobalt particles with an average particle size 
of 3.3 nm. 


were produced. On the other hand, in sample B only Co is 
produced. There was, of course, water present in sample B. 
But at low concentration (one H 2 0 molecule per DDAB mol¬ 
ecule in sample B) the water must be fixed by the hydro¬ 
philic part of the DDAB and unable to participate in the Co 
reduction. We remark that Pileni et al. A found the oxidation 
states of copper metallic clusters changed with the change of 
water content in the micelles. 

With the above results in mind, we controlled the ratio of 
[H 2 0]:[DDAB] below 1.5 to make pure metallic cobalt. The 
particle size was varied by changing the CoCl 2 concentration 
in the DDAB/toluene system from 0.005 to 0.02 M. We have 
also tried to increase the particle size by increasing the reac¬ 
tion temperature to 50 °C, but no obvious change was ob¬ 
served. 


III. RESULTS AND DISCUSSION 

A TEM study was carried out to size the particles and 
study their morphology. The particle diameter changed from 
1.8 to 4.4 nm as the CoCl 2 concentration increased from 
0.005 to 0.02 M. Figure 2 is a TEM picture of one sample 
with an average diameter of 3.3 nm. The particles are well 
separated and their sizes are narrowly distributed. 
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FIG. 4. Relation between the anisotropy constant and size of Co particles. 


The magnetic properties were measured by a SQUID 
magnetometer. All the particles were in the superparamag- 
netic state at room temperature. The sample was cooled in 
zero field to 2 K, and then magnetization was measured as a 
function of temperature in a 50 Oe field to determine the 
blocking temperature. The relation between the blocking 
temperature and the particle size is shown in Fig. 3. The 
blocking temperature increased as particle size increased, 
which is consistent with the behavior of fine particles. 

The blocking temperature should roughly satisfy the re¬ 
lationship 


KV 



where K is the anisotropy constant, k B Boltzmann’s constant, 
and V the average volume of the particle. With the knowl¬ 
edge of the blocking temperature and the particle size, we 
calculated the anisotropy constant for the Co , articles as 
shown in Fig. 4. The calculated anisotropy is larger than the 
bulk value of fee cobalt (2.7 X10 6 erg/cm 3 ) 5,6 and increases 
with the decrease of particle size. 

At 10 K, all the samples were in the ferromagnetic state. 
The coercivities of different samples are shown in Fig. 5. As 
particle size increased, the coercivity increased, which is the 
behavior of single-domain particles caused by thermal ef¬ 
fects. 
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FIG. 3. The blocking temperature as a functron of size for Co particles 


FIG. 5. Size dependence of coercivity of Co particles at 10 K 
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FIG. 6. Magnetic moment per particle determined from a s and susceptibil¬ 
ity and for different samples at temperatures higher than T B . 


Above the blocking temperature, the magnetic anisot¬ 
ropy energy barrier of the single-domain particles is over¬ 
come by thermal energy and superparamagnetism occurs. 
The magnetic moment per particle was calculated from the 
susceptibility and saturation magnetization. The results are 
shown in Fig. 6 as a function of the TEM determined size. 

All the above results are consistent with the properties of 
ultrafine particles. The saturation magnetization (a s ) of the 
cobalt particles at 2 K (Fig. 7) showed surprising behavior. 
The particles were not saturated even at 5.5 T despite their 
large moments. To obtain a s we plotted a vs l/H and ex¬ 
trapolated to l///->0. Figure 8 shows the relation between 
the saturation magnetization and the particle size. The mag¬ 
netizations are larger than the bulk value of cobalt and in¬ 
crease with decreasing particle size. For the smallest par¬ 
ticles, the saturation magnetization was about 200 emu/g, 
about 20% larger than the bulk value of fee cobalt, which is 
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FIG. 7. Magnetization as a function of field at 2 K for a sample with the 
average particle size of 3.3 nnt. 
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FIG. 8. Saturation magnetization of Co particles at T=2 K (bulk (/, = 166 
emu/g). 

166 emu/g. 7 An enhancement of the magnetic moment per 
atom in cobalt has been observed in free cobalt clusters 8 and 
ultrathin Co/Ag(001) films, 9 and has been predicted by theo¬ 
retical calculations 10,11 this is the first time that the enhance¬ 
ment has been observed in supported cobalt particles. 

IV. CONCLUSIONS 

We have successfully made cobalt fine particles with the 
size varying from 1.8 to 4.4 nm. The Co particles are single¬ 
domain particles and in superparamagnetic state at room 
temperature. The anisotropy constants in our Co particles are 
larger than that of bulk material. An enhanced magnetic mo¬ 
ment per Co atom compared to the bulk was observed. This 
enhancement increases with decreasing size to be ~20% 
greater than bulk for 1.8 nm particles. This result is consis¬ 
tent with theoretical calculations and experimental results in 
free cobalt clusters. 
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The structural and magnetic properties of two Fe-Co alloy particles with composition 
Fe 100 _, c Cq J .(x=45,65) were studied using x-ray diffraction, x-ray photoelectron spectroscopy, 
transmission electron microscopy, superconducting quantum interference device magnetometry, and 
Mossbauer spectroscopy. The particles were nearly spherical in shape with an average particle size 
around 350 A. Particles formed long chains and showed a core/shell particle morphology. X-ray 
diffraction and Mossbauer studies showed the presence of bcc a-Fe-Co and CoFe 2 0 4 phases with 
the former as the majority phase in Fe 55 Co 45 and the latter the majority phase in Fe 35 Co 6 5 . The 
room-temperature coercivities of both of these samples were much higher than those in Fe particles 
with values exceeding 2.2 kOe. The Fe 35 Co 65 sample showed a drastic temperature dependence of 
coercivity from 1.5 kOe at 300 K to 15 kOe at 10 K. The structural and magnetic data suggest a 
core/shell morphology with the surface oxide layer having a very important impact on both the 
magnitude and temperature dependence of the coercivity of the whole particle. 

Previous studies on Fe, Co, and Ni particles prepared by 
gas evaporation have shown large coercive forces with val¬ 
ues of 1050, 1200, and 100 Oe, respectively. 1 Transmission 
electron microscopy (TEM) and Mossbauer studies indicated 
a core-shell particle structure with a metallic core surrounded 
by the corresponding oxide shell. Micromagnetic 
calculations 2 and experimental studies 3 on passivated and 
unpassivated y-Fe 2 0 3 particles have shown that the thickness 
and magnetic state of the oxide layer affects the switching 
fields and hence the coercivity of the particle. In passivated 
Fe and Co particles the hysteresis behavior was found to be 
strongly dependent on the amount of surface oxidation and 
the magnetic interaction at the core-shell interface was 
claimed to be responsible for the high coercivity. 4 Previous 
work 5 on Fe-Co alloy particles has shown coercivities ex¬ 
ceeding 2.5 kOe which are much higher than those of either 
Fe or Co particles. A similar behavior has been observed on 
elongated Fe-Co particles prepared by electrodeposition 6 and 
the high coercivity was attributed to the presence of a cobalt 
ferrite oxide layer on the surface of the particle. 

In the present paper we try to understand the origin of 
the high coercivity of Fe-Co alloy particle samples by com¬ 
paring their structural, microstructural, and magnetic proper¬ 
ties. 

Two Fe-Co alloy particle samples prepared by the gas 
evaporation method were obtained from Vacuum Metallurgi¬ 
cal Co., Japan. 

The structure of the particles was determined by x-ray 
diffraction (XRD) and selected area diffraction (SAD) pat¬ 
terns. The particle size was determined by transmission elec¬ 
tron microscopy (TEM) and their composition was deter- 

"Cuuem address. Center for MINT, Umversity of Alabama,Tuscaloosa, AL FIG. 1. XRD patterns of the Fe-Co samples, (a) Fe M Co M , (b) Fe 55 Co 4S 
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FIG. 2. Bright-ficld TEM micrographs of (a) Fc JS Co 45 and (b) Fc^Co^. 

mined by energy dispersive x-ray analysis (EDAX). X-ray 
photoelectron spectroscopy (XPS) was used to probe and 
characterize the surface of the particles. The magnetic prop¬ 
erties were measured by both a vibrating sample magneto¬ 
meter (VSM) and a superconducting quantum interference 
device (SQUID) magnetometer. Mossbauer spectroscopy 
was also carried out to determine the type of the oxides 
present. 

The two samples studied had a nominal composition 
Fei 0 o-xCo* with *=45 and 65. EDAX measurements gave 
the * values of 43 and 64, respectively. 



FIG 3. Temperature dependence of coercivity in the two Fc-Co samples. 
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FIG. 4. Zero-field-cooled (ZFC) and field-cooled (FC) hysteresis loop in an 
FejjCojj sample. 

The x-ray diffraction pattern of Fe 55 Co 45 was dominated 
by bcc Fe-Co, with few extremely weak and broadened 
peaks corresponding to CoFe 2 0 4 [Fig. 1(a)], while the pat¬ 
tern of Fe 35 Co 65 showed strong and relatively broadened 
peaks corresponding to CoFe 2 0 4 [Fig. 1(b)]. The asymmetric 
broadening of the CoFe 2 0 4 peaks may be due to the small 
grain size and the off-stoichiometric composition of 
CoFe 2 0 4 . The presence of an Fe/FeCo phase could not be 
detected unambiguously due to the overlap of its d spacing 
with that of the asymmetric broadened peaks of the CoFe 2 0 4 
phase. Selected area diffraction (SAD) patterns agreed with 
the XRD results. 

Bright-field micrographs obtained for the two samples 
revealed that the particles were about spherical in shape and 
formed a long chain-like structure. The average grain size of 
the two samples was about the same and ~350 A (Fig. 2). 
The particles in the Fe 35 Co 65 sample showed a very distinct 
contrast between the inside core area and surface shell region 
as shown in Fig. 2(b). 

The magnetic properties of these samples were measured 
in the temperature range from 10 to 300 K. Fe 35 Co 65 showed 
an M s around 30 emu/g while in Fe 55 Co 45 M s was much 



FIG. 5. XPS spectra of Fe 55 Co 45 . 
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FIG. 6. Mossbauer spectra of the two Fe-Co samples (a) Fe 55 Co 4S , (b) 
FcjsCom. 


higher, over 170 emu/g. Such a difference in the magnetiza¬ 
tion of the two samples could be due to the presence of a 
large amount of CoFe 2 0 4 in Fe 35 Co 65 as compared to 
Fe 55 Co 45 , and to possible surface spin pinning in the former 
because of a thicker cobalt ferrite shell. The decrease in M 
with increasing T (10-300 K) was only about 5%. The *e- 
manence was about 0.5 in both the samples. The temperature 
dependence of coercivity for the two samples was quite dif¬ 
ferent, as shown in Fig. 3. The coercivity of the Fe 35 Co 65 
sample was ~1.5 kOe at 300 K and increased to 15 kOe at 
10 K (about 900% increase) while the coercivity of the 
Fe 55 Co 45 sample was 2.2 kOe at 300 K and increased slightly 
to 2.7 kOe at 10 K (only 25% increase). 

Field-cooled hysteresis loops on both samples showed a 
shift to the left (Fig. 4) with the value of the shift much 
larger in the Fe 35 Co 65 sample (about 3 kOe in Fe 35 Co 65 and 
0.5 kOe in Fe S5 Co 45 at 10 K). The shift in the field-cooled 
(FC) loops (// cool =20 kOe) is believed to be the result of 
exchange interaction at the interface of a core-shell particle 
morphology. The larger amount of shift in Fe 35 Co 65 is con¬ 
sistent with the presence of a thicker cobalt ferrite shell. 

XPS is a sensitive technique to detect the type of oxides 
on the surface of the particles. The presence of the Fe-Co 
oxides was determined by deconvoluting the asymmetric 
broadening of the higher-energy edge of the metallic Fe and 
Co peaks. Figure 5 shows the spectrum of Fe S5 Co 4 5 around 
the binding energy of Fe. These data show clearly the pres¬ 
ence of surface oxides in both samples. Because XPS probes 
the surface layer, a thin Fe-0 layer on the surface can result 
in a corresponding peak in the spectrum. 


TABLE I. Mossbauer parameters S is the isomer shift. A Eq is the quadru- 
pole splitting. H is the hyperfine field. 


Sample 

<5(mm/s) 

A£ e (mm/s) 

tf(kOe) 

Atf(kOe) 

% 

Phase 

F e 5sC°45 

0.40 

0.02 

504 

20 

28 

(Fe,Co) 3 0 4 


0.14 

-0.004 

362 

80 

72 

Fe-Co 

F e 3sC0 6 5 

0.37 

0.018 

506 

15 

A 

(Fe,Co) 3 0 4 


0.51 

-0.02 

529 

12 

B 



Mossbauer spectra for Fe 5s Co 45 showed a mixture of 
Fe-Co alloy and cobalt ferrite while the spectrum of Fe 35 Co 65 
showed only CoFe 2 0 4 (Fig. 6). The ratio of Fe 3+ at the A and 
B site was 1.6:1 instead of 1:1, indicating an off- 
stoichiometric CoFe 2 0 4 . The Mossbauer parameters are 
listed in Table I. The fact that no FeO has been observed with 
Mossbauer indicates a small percentage of this oxide (<5%). 
This is different in XPS, where a thin FeO layer on the 
surface can result in a corresponding peak in the spectrum. 

The XRD and Mossbauer results on the Fe-Co alloy par¬ 
ticles indicated a core-shell particle morphology. In Fe 55 Co 45 
the core is a bcc Fe-Co alloy while the shell consists of 
Fe-Co oxides with CoFe 2 0 4 as the majority oxide. In 
Fe 35 Co 65 the core/shell morphology is composed of stoichio¬ 
metric and off-stoichiometric CoFe 2 0 4 , respectively. 

Based on the present and our previous experiments with 
passivated Fe particles, 4 we believe that the CoFe 2 0 4 oxide 
layer plays an important role in the magnetic properties of 
the particles. It results in a large surface-pinning force, which 
impedes the rotation of magnetization near the interface 
layer toward the direction of the external field, and thus it 
leads to the high coercivity and nonsaturation effects even at 
55 kOe. The anisotropy constant X, of CoFe 2 0 4 is much 
higher than that of Fe 3 0 4 (the values are 2X10 6 and 
-1.1X10 5 erg/cm 3 at room temperature, respectively 7 ) and 
has a strong temperature dependence: K x (OK) is almost an 
order of magnitude higher than Xj (300 K). 8 This large tem¬ 
perature dependence of X t explains the drastic temperature 
dependence of the coercivity in Fe 35 Co 65 . 

This work has been supported by NSF-CHE-9013930. 
The Fe-Co alloy particle samples were supplied by Dr. M. 
Oda of Vacuum Metallurgical Co., Japan. 
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The local structure and chemistry of a ferromagnetic fcc-Fe 50 Cu 50 solid solution obtained through 
high-energy ball milling were measured before and after heat-treatment-induced decomposition 
using extended x-ray-absorption fine-structure measurements. The decomposition is first evident 
with the phase separation of a-Fe after a heat treatment at 523 K. Analysis of the residual fee 
component revealed that the Fe atoms were predominantly surrounded by other Fe atoms, 
suggesting that the Fe has coalesced within the fee structure. The Fe atoms within the fee phase 
likely exist in low-spin clusters which provide an explanation for the reduced values of 
low-temperature magnetization previously measured in annealed samples [P. Crespo et al., Phys. 
Rev. B 48, 7134 (1993)]. 


Much research has been focused on the Fe^Cu^^ sys¬ 
tem since it was shown that the miscibility of Fe in fcc-Cu 
can be greatly enhanced, 0=£jt=£0.6, through high-energy ball 
milling. 1-4 In recent work, 3,4 some of the authors have re¬ 
ported on the magnetic and structural properties of a ferro¬ 
magnetic fcc-Fe 50 Cu 50 solid solution processed using high- 
energy ball milling. Their findings indicate anomalous 
magnetic behavior for heat-treated samples in the intermedi¬ 
ate stages of decomposition. Specifically, a significant de¬ 
crease of the low-temperature magnetization relative to the 
value measured for the as-milled sample was observed in 
annealed samples where multiple phases are present. This 
behavior cannot be accounted for by a nucleation and growth 
decomposition where the alloy separates into pure fcc-Cu 
and bcc-Fe components. Alternatively, these authors have 
suggested a spinodal mechanism to describe the decomposi¬ 
tion process. In an attempt to elucidate the decomposition 
mechanism in this material we have measured the average 
local structure and chemistry around the Fe and Cu sites 
before and after heat treatments using extended x-ray- 
absorption fine-structure (EXAFS) measurements. 

Powder samples, having a nominal composition of 
Fe 50 Cu 50 , were fabricated by high-energy ball milling Fe 
powder with Cu foil for a period of 400 h in a Fritsch vibrat¬ 
ing mill. X-ray-diffraction measurements of the milled pow¬ 
der revealed only Bragg peaks corresponding with a single 
fee phase having a lattice parameter of 3.641 A. Samples of 
the as-milled FeCu powders were annealed under flowing 
argon gas to temperatures ranging from 523 to 923 K at a 
rate of 20 K/min and were then allowed to cool. Details of 
sample processing and characterization, including results of 
x-ray-diffraction, Mossbauer effect, and magnetization mea¬ 
surements, have been reported in Ref. 4. 

A portion of the as-milled and annealed powders were 
examined using the NRL materials analysis beamline, X23B, 
at the National Synchrotron Light Source (Brookhaven Na¬ 
tional Laboratory, Upton, NY). The x-ray-absorption spectra 
near the Fe and Cu K absorption edges were collected in 


conversion electron mode after attempts to employ the trans¬ 
mission mode failed due to our inability to grind the powder 
to the scale required for EXAFS measurements. In using the 
conversion electron technique we applied a generous amount 
of the powder over a still-wet coating of colloidal graphite 
on a substrate of commercial grade Al foil. As per this tech¬ 
nique, the absorption spectra was measured as normalized 
sample current (see Ref. 5 for details of the operation and 
performance of the cop''e r< Hon electron cell used here). 

Following established EXAFS analysis procedures 6 the 
fine structure extending from 20 to 600 eV above the absorp¬ 
tion edges were first normalized to the edge step height and 
energy, then fitted wi»h a cubic spline curve to remove a 
low-frequency background oscillation, and converted to pho¬ 
toelectron wave-vector ( k ) space. These data were then Fou¬ 
rier transformed to radial coordinates in order to obtain direct 
information of the structure and atomic symmetry around the 
Fe and Cu sites. Quantitative information of the local struc¬ 
ture and chemistry around the Fe sites were obtained by fur¬ 
ther fitting the near-neighbor peak of the Fourier-transformed 
EXAFS data with empirical and theoretical standards. 
EXAFS data for the as-milled sample were fit using theoreti¬ 
cal EXAFS spectra generated by the feff codes (ver. 3.11) 
developed by Rehr and co-workers. 7 Alternatively, the fitting 
of data collected from annealed samples, where multiple 
phases were present, was performed using empirical stan¬ 
dards of bcc-Fe and fcc-FeCu (simulated using the Fe 
EXAFS collected from the as-milled sample). These empiri¬ 
cal standards were chosen because the x-ray-diffraction mea¬ 
surements indicate that bcc-Fe precipitates from the solid 
solution upon heat treatment. We assume that the remaining 
fee phase consists of both Fe and Cu atoms still in solution. 
All fits were performed in £-space using a least-squares- 
fitting algorithm. 

Information of the local structure and chemistry around 
the Fe and Cu sites is contained in the Fourier transform of 
their respective EXAFS data. These data for the as-milled 
sample are presented in Fig. 1 with similar data collected 
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FIG. 1. Founer-transformed Fe and Cu EXAFS from the as-milled Fe 50 Cu 50 
sample. Similar data collected from a fcc-Cu standard are shown for com¬ 
parison. All data were transformed using ^-weighting and ^-ranges of 2.5- 
12.5 A" 1 . Electron phase-shift corrections have not been included, therefore 
radial distances do not correspond directly with bond lengths. 


from a Cu foil used here to represent the fee structure. Data 
corresponding with the as-milled sample are shown to re¬ 
semble closely the fee structure of the Cu standard in both 
the relative amplitude and radial distance of Fourier peaks 
appearing over the range of 1-5 A. Slight changes in relative 
amplitude and distance of these Fourier peaks between the 
milled sample data and the fee Cu standard can be attributed 
to the increased structural disorder of the milled powder and 
the smaller diameter of the Fe atom, respectively. 

Fining of the near-neighbor peak of the EXAFS data 
presented in Fig. 1 using FEFF generated EXAFS spectra in¬ 
dicates that the first coordination shell around both the Fe 
and Cu atoms consists of a mixture of Fe and Cu atoms 
which reflect a stoichiometry of Fe 4g Cu 52 , a result consistent 
within the uncertainty of the EXAFS fitting analysis with the 
nominal composition of the starting powder mixture. This 
analysis establishes that atomic level mixing has occurred 
around Fe and Cu sites due to the ball milling operation and 
indeed an fee solid solution exists. Attempts to include a bcc 
component to the fit resulted in a significant deterioration of 
the least-squares-fitting parameter, as did attempts to simu¬ 
late coherent fcc-Fe clusters within the Cu matrix. Further 
details of this analysis will be presented elsewhere. 

Fitting of both the Fe and Cu EXAFS data found a 
Cu—Fe(Fe—Cu) bond of 2.60±0.02 A, significantly larger 
than the sum of the Goldsmidt radii (assuming a coordination 
of 12), 2.55 A. However, this result is consistent with x-ray- 
diffraction measurements of the as-milled powder 2 which in¬ 
dicate a larger lattice parameter for the solid solution, 
a 0 =3.641 A, than that of fee Cu, a 0 =3.bl5 A. The Fe—Fe 
and Cu—Cu bonds are measured to be 2.53±0.01 A. Taken 
together, the resulting EXAFS lattice parameter, 3.627±0.02 
A, matches within the EXAFS fitting uncertainty to the value 
obtained by XRD. The distorted bond distance of the Cu—Fe 
correlation is apparently responsible for the distorted lattice 
measured by XRD. However, at this time we can only specu¬ 
late that the repulsion between the Fe and Cu atoms arises 



FIG. 2. Fourier-transformed Fe EXAFS data for the as-milled sample and 
those samples annealed at T =523, 723, 823, and 923 K. All data were 
transformed using ^-weighting and A-ranges of 2.5-12.5 A -1 . Electron 
phase-shift corrections have not been included, therefore radial distances do 
not correspond directly with bond lengths. 


from an electronic interaction brought about by the filled 
if-band of Cu interacting with the unfilled d-band of Fe. 

Figure 2 depicts the Fourier-transformed Fe EXAFS data 
for the as-milled and annealed samples illustrating the evo¬ 
lution of local structure around the Fe site as a function of 
heat-treatment temperature. All the data presented in Fig. 2 
are shown on the same x and y axes without offset or nor¬ 
malization to allow for the direct comparison between 
samples annealed at different temperatures. The as-milled 
sample and the sample annealed at 523 K have nearly iden¬ 
tical transform profiles, indicating that the local st ucture 
around the Fe atoms remains largely unchanged after this 
low-temperature anneal. However, the data corresponding 
with the sample annealed at 723 K displays significant 
changes in the Fourier features appearing over the r range of 
3-5 A (uncorrected for electron phase shifts). This transform 
illustrates features common to both bcc and fee structures, 
indicating that the Fe atoms exists in both phases after this 
heat treatment. Evidence for the bcc phase is seen in the 
large peak appearing near 3.5 A which corresponds with the 
cube-diagonal unit-cell site and the body-centered site of the 
adjacent cell. Anneals at still higher temperatures are seen to 
further advance the chemical and phase separation: The 
Fourier-transformed data for samples annealed at 823 and 
923 K closely match the bcc Fe transform presented in Fig. 2 
in both relative amplitude and radial distance of Fourier 
peaks. 

Information of the local chemical environment ai differ¬ 
ent stages of decomposition would be very useful in provid¬ 
ing insight to the nature of the decomposition mechanism 
and in turn assist in our understanding of the magnetic prop¬ 
erties. However, because the photoelectron backscattering 
amplitudes of the Cu and Fe atoms are similar, it is difficult 
to extract information of the local chemistry from a qualita¬ 
tive inspection of the data presented in Fig. 2. To this end, we 
have performed a quantitative fitting analysis of the near- 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Crespo et at. 6323 




neighbor Fourier peak for all samples whose data appear in 
Fig. 2. Because the Fe atom may occupy more than one 
inequivalent site in these partially decomposed samples, de¬ 
pending upon the nature of the decomposition and the an¬ 
nealing temperature, it is difficult to fit the EXAFS data us¬ 
ing only FEFF generated EXAFS spectra. This difficulty 
arises from the increasing number of independent variables 
(used in fitting) corresponding with each inequivalent site. 
Hence, we chose to fit these data using empirical standards 
of bcc-Fe and fcc-FeCu. Through this approach multiple in¬ 
equivalent Fe sites in the annealed samples are simplified to 
two, those existing in bcc and fee symmetries. This modeling 
does not take into account the variation in local chemistry 
around the absorbing atom. It does, however, provide a 
means of measuring the relative fraction of atom which oc¬ 
cupies those sites differentiated by symmetry made possible 
by the differences in local atomic symmetry between the bcc 
and fee structures. 

The results of the fitting analysis of the annealed 
samples are presented graphically in Fig. 3. The inset plot 
illustrates the experimental Fourier-filtered Fe EXAFS data 
of the near-neighbor region and the best-fit calculation for 
the sample annealed at 723 K. The as-milled sample and the 
sample annealed at 523 K are measured to contain only an 
fee component to the near-neighbor environment of Fe. After 
an anneal at 723 K, however, 30% of the sample exists in a 
bcc phase with 70% remaining in the fee phase. Anneals at 
823 and 923 K further advance the decomposition with a bcc 
atom fraction growing to 68% and 72%, respectively. The 
error bars presented in Fig. 3 represent a 100% increase in 
the goodness of fit parameter, indicating a significant dete¬ 
rioration relative to the best fit. The increase in error bar for 
samples annealed at 823 and 923 K is attributed to the 
gradual change in chemistry of the residual fee phase with 
increasing annealing temperature. In these samples the em¬ 
pirical fcc-FeCu standard becomes a poor simulation of the 
fee component. 

The observed magnetic behavior reported in Refs. 3 and 
4 cannot be explained by a simple nucleation of fcc-Cu and 
bcc-Fe from the as-milled fee solid solution. The decrease of 
low-temperature magnetization (relative the value of the as- 
milled powder) with the appearance of the bcc phase sug¬ 
gests that a significant amount of Fe must exist in a low-spin 
state, either as small clusters of fcc-Fe or dilute Fe in fcc-Cu. 
. investigate this hypothesis, we have isolated the fee com¬ 
ponent of a partially decomposed sample, namely the sample 
annealed at 723 K which was found previously to have a 
30% bcc component. EXAFS modeling of the fee component 
of this sample using FEFF generated theoretical EXAFS spec¬ 
tra indicates that the average environment of the Fe sites in 
this phase is dominated by Fe neighbors at a ratio of 10:1. In 
theory, with 30% of the Fe in the bcc phase, the fee phase 
should have a composition near Fe 20 Cu 80 , if it were to re¬ 
main a solid solution. If this was the case te local environ¬ 
ment of Fe would be dominated by Cu neighbors at a ratio of 
4:1. This result provides evidence that the Fe atoms in the 



Annealing Temperature (K) 


FIG. 3. Atomic fraction of Fe atoms occupying bcc and fee sites in heat- 
treated samples as a function of annealing temperature. Results were derived 
from EXAFS fitting of the near-neighbor (NN) region of the Fourier- 
transformed data presented in Fig. 2 using empirical standards. The inset 
plot illustrates the experimental Fourier-filtered NN Fe EXAFS data for the 
sample annealed at 723 K and the best-fit calculation. Error bars reflect a 
100% increase in the lcast-squarcs-fitting parameter. The lines connecting 
the data points are presented to illustrate the qualitative trend with annealing 
temperature. 

residual fee phase have coalesced within the Cu matrix dur¬ 
ing the heat-treatment-induced decomposition. Furthermore, 
it is likely that these fee clusters of Fe are sufficiently small 
so as to exist in a low-spin state, thus providing an explana¬ 
tion for the reduced magnetization at low temperatures re¬ 
ported in Refs. 3 and 4. 
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Structure analysis of coprecipitated ZnFe 2 0 4 by extended x-ray-absorption 
fine structure 

B. Jeyadevan, K. Tohji, and K. Nakatsuka 
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Though the anomalous antiferromagnetism of zinc ferrite was a subject of intensive studies in the 
past, the unusually high magnetization of coprecipitated zinc ferrite at low temperatures has drawn 
renewed interest among researchers. The local structures of zinc ferrites around Fe and Zn atoms are 
measured using extended x-ray-absorption fine structure and the results are discussed in correlation 
with their magnetic properties. The structure around the Zn atom was found to differ between zinc 
ferrite produced by ceramic and coprecipitation techniques. The position of the second-nearest 
neighbor of the Zn atom for coprecipitated zinc ferrite was shorter than the one produced by the 
ceramic method. This suggests the possible occupation of the Zn atoms in the octahedral sites and 
the cause for the unusually high magnetization in coprecipitated zinc ferrite. Furthermore, the 
intensity of the peak is weak compared to the one produced by the ceramic method. This is thought 
to be due to the deformation induced by the occupation of zinc ions in the octahedral sites, causing 
a decrease in the structural periodicity. 


I. INTRODUCTION 

Zinc ferrite (ZnFe 2 0 4 ) is usually assumed to be a com¬ 
pletely normal spinel with zinc ions exclusively occupied in 
the tetrahedral sites. This is described as an anomalous anti- 
ferromagnetic substance with a Neel temperature around 10 
K. The magnetic behavior of ZnFe 2 0 4 has drawn much in¬ 
terest and has been a subject of intensive studies. 1,2 To ex¬ 
plain the anomalous behaviors, it has been suggested that 
small amount of Fe ions occupy tetrahedral (A) sites and the 
Fe(A) ions and their 12 nearest neighbors at octahedral (B) 
sites form a cluster. Each of the Fe (B) spins is coupled with 
the Fe (A) spins by AB interaction which is much stronger 
than the BB interaction. 3 These experiments have been car¬ 
ried out on polycrystalline samples prepared by the ceramic 
method. However, very recent research on ultrafine ZnFe 2 0 4 
prepared by the coprecipitation technique, 4 with a defect-fre> 
crystal structure, 5 has showed unusually higher 
magnetization. 6 Furthermore, the magnetization was found to 
vary with particle size and takes a maximum around 8 nm 
diameter. 7,8 In this paper, we report the results of structure 
analysis of coprecipitated ZnFe 2 0 4 using extended x-ray- 
absorption fine structure (EXAFS), in search of an answer to 
the high magnetization observed in cop.ecipitated ZnFe 2 0 4 . 
This may solve the unresolved problem of scientific interest 
and provide clues to produce particles with high magnetiza¬ 
tion. 

II. EXPERIMENT 

A. Sample preparation and characterization 

The ZnFe 2 0 4 samples were prepared by the following 
procedure: 

(a) Ceramic method—The powders of ZnO and Fe 2 0 3 of 
chemical grade were mixed at a mole ratio of 1:1 in a me¬ 
chanical mixer. The mixture was calcined at 1373 K for 3 h 
in oxidizing atmosphere and cooled slowly. Then the product 
was ground in a mechanical grinder for 1 h. After, it was 
calcined again at 1373 K for 3 h in the oxidizing atmosphere, 


slowly cooled to room temperature, and ground to powder 
again. 

(b) Coprecipitation technique—The coprecipitated 
ZnFe 2 0 4 was prepared by the method described in Ref. 4. 

(c) Coprecipitation followed by annealing—The copre¬ 
cipitated ZnFe 2 0 4 is calcined at 1373 K for 3 h, cooled 
slowly, and ground to powder in a grinder. 

The ferrites prepared by the above methods were exam¬ 
ined by x-ray diffraction. The local structure was analyzed 
using EXAFS by measuring the absorption spectra at Fe and 
Zn X-edges. The sample was mixed with polythelene and 
pellets were made. The magnetization of these products were 
also measured in a vibration sample magnetometer (VSM) in 
the 5 K to room temperature range. 

111. RESULTS AND DISCUSSION 
A. Magnetization of ZnFe 2 0 4 

The magnetization temperature curves of ZnFe 2 0 4 pre¬ 
pared by the methods described in the previous section was 
measured using VSM in the temperature range 5-293 K at 6 
kOe are given in Fig. 1. As can be seen, the magnetization 
shows an increase with decreasing temperature and attains 
maximum around 20 K, in the case of ZnFe 2 0 4 produced by 
the ceramic method and coprecipitation followed by anneal¬ 
ing. But, in the case of coprecipitated ZnFe 2 0 4 , the magne¬ 
tization continues to increase with decreasing temperature 
and the increase at 6 K is about 16X that of the value at 
room temperature. The x-ray-diffraction analysis confirmed 
that ZnFe 2 0 4 produced by all three methods crystallized in 
the spinel structure and the cation distribution in the structure 
is believed to be the main cause for the differences in mag¬ 
netic behavior among zinc ferrites prepared by different 
methods. The reason for higher magnetization has been sug¬ 
gested to be due to high concentration of magnetic clusters in 
coprecipitated zinc ferrite. Neutron-diffraction studies have 
revealed a high concentration of Fe ions in the A sites that 
form clusters with the Fe atoms in the B sites. It also has 
been reported that the Zn0:Fe 2 0 ( ratio of coprecipitated 
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FIG. 1. Magnetization temperature curves of ZnFe 2 0 4 produced by different 
methods. 

ZnFe 2 0 4 is the same as that of the one produced by the 
ceramic method, meaning that there is no density difference 
among the ferrite produced by different methods. Therefore 
the concentration increase of Fe ions in A sites would lead to 
the occupation of zinc ions in the B sites. To find an expla¬ 
nation for the above differences, structure information of 
zinc ferrites is necessary. 

B. EXAFS of ZnFe 2 0 4 

EXAFS is an ideal tool to investigate the local structure 
of matter. The local structure information, such as inter¬ 
atomic distances (in the case of spinel structure, this would 
lead to the determination of the sites occupied by the atoms), 
coordination number, and the kind of surrounding atoms 
around a selected x-ray absorbing atom could be studied. 

The EXAFS spectra of ZnFe 2 0 4 prepared by the meth¬ 
ods described in Sec. II at the Fe X-edge are measured and 
the Fourier transform of the above spectra are given in Fig. 
2. The two intensive peaks in the Fourier transform are cen¬ 
tered around distances of 1.45 and 2.6 A. In the case of 
ZnFe 2 0 4 , if we assume the Fe atoms to occupy exclusively 



FIG. 2. Fourier transforms of ZnFe 2 0 4 prepared by (a) the ceramic method, 
(b) coprecipitation, and (c) coprecipitated and annealed, at the Fe K-e dge. 



FIG. 3. Fourier transforms of ZnFe20 4 prepared by (a) the ceramic method, 
(b) coprecipitation, and (c) coprecipitated and annealed, at the Zn K-edge. 

in the octahedral sites, the second-nearest peak is a result of 
the scattering from Fe-Fe atoms and Fe-Zn atoms, where Zn 
atoms are occupied exclusively in the A sites. 

Considering the peak intensities between ZnFe 2 0 4 
samples, it could be seen that the peak intensity of coprecipi¬ 
tated ZnFe 2 0 4 is weak compared to the samples produced by 
other methods. As far as the peak positions are concerned, 
the distance between the central atom and the second-nearest 
peak is marginally greater in the case of coprecipitated 
ZnFe 2 0 4 . 

EXAFS spectra of ZnFe 2 0 4 at the Zn X-edge were mea¬ 
sured. Fourier transforms of the same are given in Fig. 3. The 
two intensive peaks in the Fourier transform are centered 
around 1.5 and 3.1 A in the case of ZnFe 2 0 4 produced by the 
ceramic method and coprecipitation followed by annealing, 
whereas, in the case of coprecipitated ZnFe 2 0 4 , the peaks 
centered around 1.6 and 2.8 A and the intensity of the peak 
at 2.8 A was very weak compared the ones produced by 
other methods. 

The Fourier transform of the spectra at Fe and Zn 
X-edges for ZnFe 2 0 4 produced by ceramic and coprecipita¬ 
tion methods showed considerable difference in amplitude of 
radial structure function. A similar observation was made by 
Maeyama et al. 9 for ZnFe 2 0 4 of 56 and 5 nm diameters. The 
reduction in radial structure function, which is directly re¬ 
lated to the coordination number, was considered due to the 
increase in the surface atomic layer for finer particles. The 
broadening of the metal-metal peak in the Zn X-edge has 
been considered due to the amorphous state of the sample. 

In our study, if we consider the second-nearest peak in 
the Fourier transform of the spectrum at the Zn X-edge in all 
three samples, it is clear that the peak of coprecipitated 
ZnFe 2 0 4 has become broader and the peak maximum lies at 
a distance shorter than in the other two cases. The peak 
broadening can be caused as a result of (a) the disordered 
state of the sample and (b) scattering from atoms two differ¬ 
ent distances; i.e., the peak is a result from the contribution 
of two different peaks. If it is true that the zinc atoms occupy 
only the A sites, it is not possible to get a response at shorter 
atomic distance than that of ZnFe 2 0 4 produced by the ce¬ 
ramic method. 
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FIG. 4. The inverse Fourier transform of the second peak (Zn-Fc) in Fig. 
3(a) and the contributions from shells (a) Zn(A)-Fc(B) and (b) Zn(B)- 
Fe(fl). 


Assuming that Zn atoms are occupied in both tetrahedral 
and octahedral sites and the main contribution of the scatter¬ 
ing to be only from shells Zn(Z?)-Fe(fl) at 2.98 A and 
Zn(A)-Fe(B) at 3.48 A [even though the scattering from 
Zn(£)-Fe(B), Zn(0)-Zn(i?) at 2.98 A and Zn(A)-Fe(/?), 
Zn(fl)-Fe(A) at 3.48 A shells are possible], curve fitting as 
well as individual contributions of these scatterings were 
evaluated. The values of the Debye-Waller factor and mean 
free path were determined from the analysis of zinc ferrite 
prepared by the ceramic method and were used in the analy¬ 
sis of coprecipitated and coprecipitated and annealed zinc 
ferrite. The best fit obtained for the second-nearest peak in 
Fig. 3(a) gave a value of 7?=2.7%. The individual contribu¬ 
tion of the scattering from shells Zn(A)-Fe(Z?) and Zn (B)- 
Fe(fl), are given in Fig. 4 and it can be seen that the scat¬ 
tering is contributed to almost only by shell Zn(A)-Fe(fl). 
But, in the case of coprecipitated zinc ferrite (fit R =2%), in 
addition to the contribution of Zn(A)-Fe(Z?) scattering, a 
considerable contribution from Zn(B)-Fe(B) is also ob¬ 
served and is shown in Fig. 5. Also, when the coprecipitation 
followed by annealing sample was analyzed, it resembled 
very much that produced by the ceramic method. 

This suggests that the shift as well as the broadening of 
the peak at a shorter distance is a result of the zinc atoms 
occupying the octahedral sites, too. In coprecipitated zinc 
ferrite, this may be possible, as the cation distributions are in 
a metastable state as they are produced at low temperature 
within a short period of time. If they are brought to higher 
temperature, stability is achieved and the Zn ions take the 
most stable position in A sites. This is demonstrated in the 
results on coprecipitated and annealed samples. The occupa¬ 
tion of the zinc atoms in the octahedral sites may have 
caused some deformation which has reduced the periodicity 


FIG. 5. The inverse Fourier transform of the second peak (Zn-Fe) in Fig. 
3(b) and the contributions from shells (a) Zn(/l)-Fc(B) and (b) Zn(B)- 
Fe(B). 

of the structure and may have caused the reduction in the 
amplitude radial structure function. 

Furthermore, the occupation of zinc ions in both tetrahe¬ 
dral and octahedral sites may have led to a magnetization 
mechanism which is different to the one observed in antifer¬ 
romagnetic substances, or on the other hand, the concentra¬ 
tion increase in Fe ions in tetrahedral sites due to the occu¬ 
pation of zinc ions in octahedral sites may have caused an 
increase in the concentration of magnetic clusters formed 
through AB interaction and leading to magnetization in¬ 
crease. However, it could be said that the cation distribution 
in coprecipitated zinc ferrite is the cause for the higher mag¬ 
netization. 

IV. CONCLUSION 

The results of EXAFS analysis on coprecipitated zinc 
ferrite have suggested that the zinc ions are occupied both in 
A and B sites. The resulted cation distribution is believed to 
have caused the increase in magnetization, and the occupa¬ 
tion of Zn ions in the B sites is believed to have led to the 
deformation in the structure that reduces the periodicity of 
the structure, causing a decrease in radial structure function 
amplitude. 
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The magnetic anisotropy of 3^-TM clusters is studied in the framework of a d-electron tight-binding 
Hamiltonian including hopping, Coulomb, and spin-orbit interactions on the same electronic level. 

Results for the magnetic anisotropy energy and spin-polarized DOS are given as a function of the 
bond length for the Fe 6 cluster. In particular it is shown that the MAE may be qualitatively related 
to the projections of the orbital moment along the magnetization directions, and that the “in-plane” 
anisotropy can be of the same order of magnitude as the “perpendicular” anisotropy. Using the same 
Hamiltonian, the problem of the convergence of the magnetic anisotropy energy of very thin films 
is revisited. By the choice of a basis which mixes spherical harmonics, it is shown that the irregular 
oscillations of the MAE versus the band filling disappear. For Co(lll) excellent stability of the 
in-plane anisotropy as observed experimentally was found. Finally, the crystal-field effects are also 
discussed. 


I. INTRODUCTION 

Considerable attention has been devoted during the last 
years to the study of the magnetic anisotropy of low¬ 
dimensional systems. The number of papers presented during 
this meeting attests to the vitality of the research on thin 
metallic overlayers. For clusters experimental results show 
that the magnetic anisotropy plays an important role in the 
observed relaxation of the cluster magnetic moments in an 
external field. 1,2 However, from a theoretical point of view, 
very little on the magnetic anisotropy of clusters is known, 
contrary to the case of thin films. The purpose of this paper is 
to propose an unified theoretical framework able to describe 
the magnetic anisotropy of clusters, i.e., of systems having a 
finite number of inequivalent sites; the case of very thin film 
can be seen as a particular simple situation. 

The calculations are performed in the real space by using 
a tight-binding Hubbard-type Hamiltonian. The magnetic an¬ 
isotropy energy (MAE) is the total-energy difference for two 
different magnetization directions which can be chosen with¬ 
out restrictions. For clusters we consider directions which do 
not necessarily correspond to the symmetry axis of the clus¬ 
ter, which may result in Jahn-Teller instabilities. In analogy 
to magnetic thin films, we assume a perpendicular magneti¬ 
zation direction as well as one or two in-plane directions. In 
this way we can discuss not only the perpendicular but also 
the in-plane anisotropy. This is of considerable interest since 
so far very few quantitative results based on an electronic 
theory are known about the importance of the latter. 

II. MAGNETIC ANISOTROPY OF SMALL CLUSTERS 

In this work we extend a theoretical framework origi¬ 
nally developed to describe, without spin-orbit coupling, 
clusters 3 ana it is used with success to study low-dimensional 


systems 4 to include the spin-orbit interactions. This Hamil¬ 
tonian includes hopping, Coulomb, and spin-orbit interac¬ 
tions on the same footing and can be written as 

H= 2 t?fct ao c jP<r +H c +H so . ( 1 ) 

a,p,<r 

i*l 

Here c+ aa . (c ia „) refers to the creation (annihilation) an op¬ 
erator of an electron with spin a at atomic site i in the orbital 
a {a=xy,yz,zx,x 2 -y 2 ,3z 2 -r 2 ), and t°f to the hopping in¬ 
tegrals between the orbitals a and (3 at sites i and j. 

The Coulomb interaction H c in the unrestricted 
Hartree-Fock approximation is given by 

Hc~ 2 A Cj a n, nv ~E < j lc , (2) 

ia<r 

where „ a '(v ia ' - v 0 ) are the site and spin de¬ 

pendent d-level shift due to the redistribution of the spin- 
polarized electron density {n iaa =c? aa c iaa ). v, a ='2 a (n ia(r ) 
refers to the average d-electron occupation at site i and spin 
cr and v 0 the corresponding average d occupation in the 
paramagnetic solution of the bulk. The correction due to 
double counting is given by £ dc =(l/2) 2 l<rtJtr 'U a<r > 

Notice that the spin-quantization direction is taken to be par¬ 
allel to the magnetization direction (S). For the spin-orbit 
interaction H s0 the following single-particle, intraatomic ap¬ 
proximation is used: 

Hso~~t 2 (Lj■ S,) acr , p o'C iao ,c lpcr i . (3) 

i,our,pa' 

Here (L ( -S,) ao;/to / refers to the intraatomic matrix elements 
of L S, which couple the up- and down-spin manifolds and 
which depend on the relative orientation between (S) and the 
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cluster structure. The spin-polarized charge distribution, and 
in particular the spin moments, are determined self- 
consistently by imposing the global charge-neutrality condi¬ 
tion 2 l(T v i(T =Nn d . 

The electronic energy E s , from which the MAE is de¬ 
rived, is calculated from 

Eg^iwr I F ep iaa (e)d£-E dc , (4) 

where Prefers to the magnetization direction (e.g., 8=x,y,z) 
and p taa to the local density of states (DOS). The MAE is 
obtained from the change in the electronic energy E s associ¬ 
ated with a change in the orientation of the magnetization (S) 
with fixed position of the ions. The DOS p iaa {e) are com¬ 
puted by using the recursion method. 5 A special care must be 
taken in the self-consistent treatment of the Hamiltonian, in 
order to avoid any numerical incertitude. 6 In the case of a 
free-standing pure transition-metal mono- or bilayer, all sites 
are equivalent. For clusters it is no more the case and charge 
transfers occurring. 

In these calculations we use parameters corresponding to 
Fe as given in Ref. 3 with a spin-orbit coupling constant 
£=0.05 eV. 7 Since in the clusters the value of the bond 
length d is somewhat uncertain, we have performed a sys¬ 
tematical study in terms of d/d B , where d B is the bulk bond 
length. 

In Fig. 1 the results obtained for the Fe 6 cluster are re¬ 
ported. Other clusters have been studied. 6 General trends 
emerge. For all studied clusters the spin moment along the 
magnetization direction depends very weakly on the direc¬ 
tion of magnetization. Therefore only the results for perpen¬ 
dicular magnetization are reported. Clearly it is found that 
the variations of the MAE versus d/d B are related to varia¬ 
tions of the spin moment and the resulting changes in the 
densities of states. However, no simple rule can be given to 
explain these spin-flips. For very large values of d/d B , the 
magnetization is saturated as expected. Before the spin-flip, 
the variation of the MAE and ( S z ) are continuous functions 
of d/d B . This is no longer the case when a spin-flip occurs. 
As seen in Fig. 1 this charge redistribution can even change 
the sign of the MAE. For other Fe w clusters 6 many spin-flips 
can be present. 

The in-plane anisotropy can be defined here as the dif¬ 
ference between E x and E y . For Fe 6 , this in-plane anisotropy 
is of the same order of magnitude as the perpendicular one. 
Similar results have been found for other Fejv clusters. 6 The 
value of the MAE for this Fe cluster (around 1 meV per 
atom) is of the same order of magnitude as the corresponding 
values for very thin films. For a small value of dld B the 
perpendicular orientation is more favorable, whereas for 
d/d B larger than 0.95, it is more favorable to align the mag¬ 
netization along the x direction. 

Assuming that interactions between unlike spins can be 
omitted, Bruno found within a second-order perturbation 
theory that the MAE is proportional to the difference of the 
projection of the orbital moment along the two considered 
magnetization directions. 7 Surprisingly, the MAE is found to 
follow qualitatively this simple law, especially for large val¬ 
ues of d/d B , where the spin moment is saturated. As already 






FIG. 1 The magnetic anisotropy energy per atom (meV), orbital moment, 
and sptn moment of a Fe 6 cluster as a function of the bond length dld B 
(</ s =bu!k bond length). The assumed cluster structure and the considered 
directions of magnetization are illustrated. 


mentioned, the in-plane anisotropy is found to be important 
(more than 0.5 meV for dld B larger than 0.95). This result, 
which could seem surprising in comparison with perfect 2D 
film, is consistent with the large difference observed for the 
projection of the orbital moment along the x and y direc¬ 
tions. The origin of these values is related to the very small 
size of the cluster (six atoms here). Similar behaviors have 
been observed for other Fe A - clusters. 
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III. CONVERGENCE OF THE VERY THIN FILMS’ 
MAGNETIC ANISOTROPY ENERGY 

Some calculations for thin films or multilayers indicate 
that the MAE is very sensitive to band-structure details near 
the Fermi level and the MAE versus the band filling presents 
many oscillations. 8 According to other works, these oscilla¬ 
tions are numerical artifacts. 9 In any case it is clear that the 
problems can be traced back to the energy-band crossing in 
the Brillouin zone. Recently, we have studied the MAE for 
transition-metal free-standing mono- and bilayers 10 by using 
the tight-binding Hamiltonian used in this work. A formal 
analysis, based on the moments theory, indicates that the 
MAE versus the band filling can be described by a “canoni¬ 
cal” curve which crosses zero four times when the d-band 
occupation varies from 0 to 10. 10 In fact, the MAE curves 
were plagued by irregular oscillations which have been re¬ 
lated to band crossings. Later, however, various tests on sys¬ 
tems having little symmetry have suggested that this expla¬ 
nation is not valid. So we have reconsidered the problem. 

In previous calculations we used, here as in the previous 
section, a basis of spherical harmonics (the spatial parts are 
eigenfunctions of the orbital moment operator without a 
spin-orbit interaction). We shall denote this basis as non- 
mixed (NM). Without spin-orbit coupling for strong ferro¬ 
magnetism, the partial density of states corresponding to the 
minority-spin is identically zero in a large part of the 
majority-spin band energy region. However, when any spin- 
orbit interaction is considered, this partial density of states 
acquires a nonzero component in this region. In such a case, 
the method used in our previous work to get the Green’s 
functions matrix elements is not well suitable. In order to 
avoid this problem, we build a mixed (M) basis where each 
vector contains a mix of all representations present in the 
original NM basis. Numerical calculations have shown that 
25 levels of the continued fractions within the M basis are, at 
least, as precise as 150 levels within the NM basis for films. 
In this case the irregular oscillations disappear and one to 
two orders of magnitude for the computer time are gained." 
For clusters, the NM basis is satisfactory since the finite size 
of the cluster allows consideration of a number of levels for 
the continuous fractions which is large enough to get perfect 
convergence. 

Experimental results indicate that a free-standing Co 
(111) monolayer presents strong in-plane anisotropy. 12 Using 
the empirical relation between magnetic moment and ex¬ 
change splitting values, 13 a value of exchange splitting of 1.9 
eV is appropriate. Strong in-plane anisotropy is found. How¬ 
ever, as it can be inferred from Fig. 2, this result is quite 
insensitive to the value of the exchange splitting. Moreover, 
introducing a crystal-field shifting does not modify signifi¬ 
cantly the magnetic anisotropy energy for the Co(lll) mono- 
layer. This stability should be related to the fact that the Co 
spin moment is almost satured. 

In summary, a unified theoretical framework has been 
proposed to determine the magnetic properties of transition- 
metal small clusters and thin films by considering the spin- 
orbit coupling. The MAE has been derived. We found that in 
most cases the MAE can be related to the projections of the 
orbital moment along the considered magnetization direc- 
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FIG. 2. Magnetic anisotropy energy per atom (meV) vs the d-band filling 
for a (111) monolayer calculated in the M basis with 25 continued fraction 
levels. In the full (long dashed) line, the result for the exchange splitting of 
2.9 (1.9) eV is given. The dashed line corresponds to the exchange splitting 
of 1.9 eV and nonzero crystal-field splitting of 0.4 eV. Negative values 
correspond to the favorable perpendicular direction of the magnetization. 


tions. However, complete self-consistent calculations must 
be performed. Since a real-space method is used, this ap¬ 
proach should provide a way to determine from the elec¬ 
tronic structure the preferred magnetization direction of ad¬ 
sorbed clusters. Work is under progress. 
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Structure and magnetic properties of Nd 2 Fe 14 B fine particles produced 
by spark erosion (abstract) 

H. Wan and A. E. Berkowitz 
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At present Nd 2 Fe 14 B is the best permanent magnet because of its extremely high coercivity and 
energy product. Optimum properties of Nd 2 Fe 14 B magnets can be attained by producing single 
domain particles, and then aligning and compacting them. Due to the high reactivity of the Nd 
constituent, it is challenging to produce and handle a large amount of fine particles of this material. 

We have prepared fine particles of Nd 2 Fe u B by spark erosion with various dielectric media. Yield, 
size, size distribution, structure, and magnetic properties are discussed. The Nd 2 Fe 14 B particles were 
made by the shaker pot spark erosion method. 1 Relaxation oscillators or a pulse generator were used 
to power the spark erosion. Commercial Neomax 35 was employed as the primary material. The 
dielectric media were liquid Ar, Ar gas, and hydrocarbons, which provided an oxygen free 
environment. Structure and size were studied by TEM, SEM, and x-ray diffraction. Magnetic 
properties were measured by VSM with temperatures in the range of 4.2-1200 K. The particles 
produced in these three different dielectric media had different microstructures and crystal 
structures. The particles made in Ar gas were pure Nd 2 Fe 14 B phase. The particles made in liquid Ar 
were a mixture of amorphous and crystalline Nd 2 Fe 14 B, because the liquid Ar provided a much 
higher quench rate than Ar gas, which produced some amorphous Nd 2 Fe 14 B. Upon annealing, the 
amorphous particles became crystalline. The fine particles produced in hydrocarbons, such as 
pentane and dodecane, had more complex mixed phases, since the rare earth reacted with the 
hydrocarbons during the sparking process. The phases were NdQ, a-Fe, and amorphous and 
crystalline Nd 2 Fe 14 B. The effects of power parameters, such as voltage and capacitance, on particle 
size were investigated. Particle sizes from 20 nm to 50 fim were obtained. We concentrated on 
Nd 2 Fe 14 B fine particles made in liquid Ar and Ar gas. Particles were classified by centrifuging and 
sizes were confirmed by TEM and x-ray diffraction. The size dependence of coercivity, anisotropy, 
and magnetization of these Nd 2 Fe 14 B particles will be discussed. 


’A. E. Berkowitz and J. L. Walter, J. Mater. Res. 2, 277 (1987). 
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Thermal equilibrium noise with 1/f spectrum in a ferromagnetic alloy: 
Anomalous temperature dependence 

S. Vitale, A. Cavalleri, M. Cerdonio, A. Maraner, and G. A. Prodi 
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1-38050 Povo, Trento, Italy 

We report on the magnetization noise in a soft ferromagnetic alloy for frequencies /<10 Hz, 
temperatures T< 4.2 K, and excitation field amplitudes <150 pAJm. The spectra agree, without any 
adjustable parameter, with the fluctuation dissipation formula and the measured complex 
susceptibility of the material. The spectra show a 1// shape coming from a frequency-independent 
imaginary susceptibility Yo- Yo is found to be proportional to T above =2.5 K but tends to be 
independent of T below this value. After annealing the sample to relieve the internal stresses, Yo is 
found nearly temperature independent above =2.5 K and to sharply increase by decreasing the 
temperature below that value. We discuss these findings in terms of the hopping of the 
magnetization by activation or tunneling. 

found to be temperature independent from 4.2 K down to 
T=100 mK. It is tempting to think that a temperature- 
independent Yo could occur if the hopping takes place by 
some dissipative tunneling mechanism. 6 This interpretation 
would be favored if one could observe a crossover from the 
observed temperature-independent regime to the 
temperature-dependent one due to thermal activation. 

In search of a material where such a crossover is dis¬ 
played within the temperature range accessible by our 
method, we have studied the temperature dependence of Yo 
for a soft crystalline alloy that has already been reported 7 to 
show magnetic viscosity and the related thermal 1 If noise at 
4.2 K. 

II. EXPERIMENTAL METHODS 

The sample studied is a strip wound toroid made of 68 
turns -»f a =3-/zm-thick ribbon of Ultraperm alloy. Ultraperm 
is a soft alloy of nominal composition Fei 2 Ni 77 Cu 5 Mo 4 . 
Measurements have been performed both before and after 
annealing the sample for 3 h at 950 °C in saturated atmo¬ 
sphere of hydrogen to relief stresses. The linear reversible 
relative permeability has been measured to be |/4=180±10 
before the annealing and |/i|=210±10 at 4.2 K after it. 

Complex susceptibility measurements have been per¬ 
formed as described in detail elsewhere. 1 ' 5,8 Here we only 
remind that they are based on the measurement of the com¬ 
plex self-inductance L=L'i-L" of a superconducting trans¬ 
former coupled to the sample on one side and to a commer¬ 
cial rf superconducting quantum interference device 
(SQUID) on the other hand. 

The ac field amplitudes used to measure the complex 
susceptibility are always less than 150 pAJm and the sample 
behaves for such small signals as a linear device. 1,7 

The data for the phase <S> L of the transformer inductance 
result from the subtraction of a proper blank measurement 
obtained substituting the pick-up coil coupled to the sample 
with a test coil with the same value of self-inductance. In the 
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I. INTRODUCTION 

Thermal magnetic noise with Ilf power spectrum has 
been reported now in a variety of systems at low temperature 
including soft ferromagnetic alloys, 1 spin glasses, 2 and high 
T c superconductors. 3 The noise originates from a frequency- 
independent quasiequilibrium imaginary susceptibility Yo 
that produces, via the standard fluctuation dissipation for- 
mulai to a magnetization noise with spectrum 
S M (u>)=(2k B T//jL 0 )(Vx'Q<i>), with T,V, and w the tempera¬ 
ture, the sample volume, and the angular frequency, respec¬ 
tively. 

A frequency-independent imaginary susceptibility 
translates, 1 in the time domain, to a logarithmic relaxation of 
the magnetization after a stepwise field excitation. This is a 
close analogue of the phenomenon detected in relaxation ex¬ 
periments, and often referred to as magnetic viscosity, where 
instead the sample is driven far from equilibrium by large 
field steps. Magnetic viscosity is attributed to the existence 
of a collection of simple exponential relaxations with distrib¬ 
uted time constants 4 each one due to the escape of the mag¬ 
netization outside some local free energy minimum. If the 
escape occurs by thermal activation, the logarithmic relax¬ 
ation rate is predicted 4 to be proportional to T while any 
nonthermal relaxation mechanism, like for instance quantum 
tunneling, would lead to a temperature-independent rate. 

At equilibrium this picture should be rephrased 5 in terms 
of the hopping of the system between nearby free energy 
minima with distributed lifetimes. The dependence of Yo on 
the temperature is then related both the mechanism underly¬ 
ing the hopping, whether thermal activation or not, and to the 
energy differences A between the minima. If the lifetime of 
each minimum is regulated by thermal activation and if A is 
in turn distributed from zero to a value much higher than 
k B T, then (see Sec. IV) Yo a ^» again in analogy with relax¬ 
ation experiments. 

This last prediction has recently been contradicted 5 for 
some amorphous ferromagnetic alloys where Yo has been 
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FIG. 1. Spectral noise density at the SQUID output for some different 
temperatures. The continuous noisy lines arc the experimental spectral den¬ 
sities. The broken line is the SQUID background noise. The symbols repre¬ 
sent the noise calculated from Eq. (1) using the measured values of the 
complex susceptibility. 

0.1 Hz/10 Hz frequency range the method achieves an accu¬ 
racy for <!>£ of MO -3 deg, while the modulus |L| is mea¬ 
sured with a *=0.5% relative accuracy. These figures trans¬ 
late, for the sample discussed here, to an accuracy of about 
0.005 for x", apart from the uncertainty in the geometrical 
conversion factor from inductance to susceptibility (see be¬ 
low). 

The data for L are converted to a complex susceptibility 
using standard formulas for coils and trans¬ 
former cores. This conversion has a relative accuracy not 
better than 10% but we stress that any inaccuracy in the 
conversion is of no consequence when calculating the ther¬ 
mal noise. In fact the flux noise at the SQUID output 5 
depends on L as 8 

S = 2k B T(M 2 /\L\ 2 )(L"/u))+S 0 , (1) 

where S 0 is the SQUID background noise and M is the mu¬ 
tual inductance between the SQUID and the transformer. 

The spectral densities S and S 0 are measured by standard 
fast Fourier transform methods. 1,5 

The sample temperature was regulated by lowering the 
pressure above the liquid helium bath and was measured by 
a calibrated germanium resistor. 

III. RESULTS 

In Fig. 1 the spectral noise density S 2 in the presence of 
the sample is reported as a function of the frequency for 
three different temperatures. Also, in Fig. 1 the measured 
background noise S 0 is shown. The noisy continuous lines 
are the measured spectral densities while the symbols repre¬ 
sent the noise predicted by using Eq. (1) and the measured 
values of L and S 0 . A fit to the experimental noise spectra 
with a constant plus a power law gives always exponents in 
the range 1.00±0.03. 

The imaginary susceptibility x" of the sample between 
0.1 and 10 Hz is found to be frequency independent. 

The mean imaginary susceptibility between 0.1 and 10 
Hz *o is reported as a function of the temperature in Fig. 2 




T(K) 

FIG. 2. The average imaginary suseeplibility between 0.1 and 10 Hz Vo as a 
function of the temperature. Closed symbols represent the values as directly 
measured. Open symbols are the values calculated from noise using fluctua¬ 
tion dissipation formula, (a) Data for the sample before the annealing. The 
solid line is a linear least-square fit to data above 2.5 K. (b) Data after the 
;.-mealing. The solid line is a linear least-square fit to data below 2.5 K. 


both for the sample before the annealing [Fig. 2(a)] and for 
the annealed one [Fig. 2(b)]. The values of ^ as calculated 
from the noise by inverting Eq. (1) are also reported in 
Fig. 2. 

Neither the data in Fig. 2(a) nor those in Fig. 2(b) can be 
fit to a single straight line in the whole temperature range 
explored, a chi square test of the linear best fit giving a 
probability of random occurrence not larger than 10~ 6 . 

Above 2.5 K the data in Fig. 2(a) are well fitted to a 
simple proportionality law with a slope of 0.063±0.004 K -1 . 
Below that temperature the data show a much reduced tem¬ 
perature dependence. 

In Fig. 2(b) the data above 2.5 K are nearly temperature 
independent while those below 2.5 K can be fit to a straight 
line with a marked negative slope of-0.38±0.02 K -1 . 

The loss factor tan 8=/lx' in the frequency range 
0.1/10 Hz, is easily calculated from the above figures to be in 
the range tan <5«5/10X10 -4 for both samples. 

IV. DISCUSSION 

The good agreement between the noise calculated from 
Eq. (1) and the measured one shows 1,5,8 that the sample is 
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acting as a linear device at thermal equilibrium. This is of no 
surprise as the applied field variation is less than a part in 10 s 
of the coercive field of =10 A/m~0.10 Oe. 

If the susceptibility of the sample results from many 
contributions, 9 each one coming from an ordinary exponen¬ 
tial relaxation with time constant r, x=£[1-H<ot] _1 , a 
frequency-independent imaginary susceptibility is obtained 
by assuming that ln(r) is uniformly distributed between two 
values ln(Tj) and ln(r 2 ) such that the angular frequency of the 
measurement &> is In this case 

^Yln -1 ^/^) [~ ln(ft)Tj) —i(ir/2)] and *o = '(^/2) 
[,Y/ln Notice that the loss factor is then 

tan 8= -n[?.ln(a)T])]. Even assuming that t^IO ' 12 s, a 
lower limit to any magnetic relaxation process, one gets tan S 
=0.06 at 0.1 Hz, a value much larger than the experimental 
one. However the above one is still a reasonable model, pro¬ 
vided that only a fraction of the total susceptibility is con¬ 
tributed by the mentioned distributed relaxation mechanism. 

Let us now discuss the observed dependence of Vd on T 
within the model that assumes a collection of independent 
two levels systems, with distributed lifetimes and level split¬ 
ting. The complex susceptibility of each system is 

LLnVm > ' 1 

-h ( i/2M->--’nw m 

where m is the difference in magnetization between the two 
levels. 

In Eq. (2) zis given by r=r + / (1 + e -4/ *» r ), where r + 
is the mean lifetime of the upper energy level. This is given, 
for thermal activation, by r + - T () e ElknT with E the height of 
the free energy barrier that prevents the escape, while it is 
expected to be a much slower function of the temperature for 
a nonthermal hopping mechanism like, for instance, quantum 
tunneling. As a consequence, for broadly distributed time 
constants, the prefactor l/ln(r 1 /T 2 ) in ^ is proportional to T 
for thermal activation 9 and it is expected to be instead almost 
temperature independent if the hopping occurs by tunneling. 

A second important feature of Eq. (1) is the prefactor 
cosh(A/2/: B 7') -2 (8& B 7’)~ 1 in the susceptibility. By introduc¬ 
ing the two simplest hypotheses on the distributions of A one 
can calculate the two following limits: If A is uniformly 
distributed between 0 and A max S>A: B 7’ the prefactor becomes 
temperature independent while in the opposite limit of 
A ma x^kgT, i.e., with almost degenerate levels, it becomes 
proportional to 1 IT as in a pure Curie law. 

One can then predict the four following limiting tem¬ 
perature dependencies for y,J: (0 nondegenerate levels and 
thermal activation: (2) degenerate levels and thermal 

activation: temperature-independent Y<j; (3) nondegenerale 
levels and fully nonthermal hopping: temperature- 
independent Yol (4) degenerate levels and fully nonthermal 
hopping: Yo K l IT. 

Thus, if the levels are nondegenerate, a crossover from a 
nonthermal hopping regime to a thermal activation one 
would show up as a transition from a temperature- 
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independent x!o t0 a above the crossover temperature 
T c . On the contrary, in the case of degenerate levels, the 
same crossover would appear as a transition from a ^l/T 
low temperature branch to a temperature-independent $ 
above T c . 

The data of Fig. 2 can be at least qualitatively explained 
if one assumes then that at T c =2.5 K a crossover occurs 
from a nonthermal to a thermal hopping regime of, e.g., a 
domain wall portion between two pinning sites; in addition 
one has also to assume that the annealing procedure, by re¬ 
moving the internal stresses of the material, makes the dif¬ 
ference of the pinning energies of the two sites much less 
than k B T. 

It is tempting to compare the observed T c =2.5 K to the 
one predicted by theoretical models for tunneling of domain 
walls 6,10,11 in the bulk. These models predict that 
T c ~(hg/k B )B e *=\3 K(BJ\ T) with g the gyromagnetic 
factor. B e is an effective magnetic field that can be, for in¬ 
stance, the internal saturation field B s for high anisotropy 
materials or B e ^jK/x 0 , with K the anisotropy energy den¬ 
sity, for low anisotropy ones like that considered here. The 
observed crossover corresponds then to B e =2 T, a field 
much larger than the value yAT/x 0 =0.02 T typical of permal¬ 
loys but still of the order of the internal saturation field of the 
sample. To ascribe the observed crossover to the model 
above one would then require the additive hypothesis that 
some local or surface anisotropy field could exceed by a 
large factor the average anisotropy of the material. We be¬ 
lieve that a definitive explanation of the observations goes 
beyond the purport of the present data. 
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We report an observation of magnetostochastic resonance (MSR) in bistable magnetic systems. 
MSR manifests itself as a peak of a response of such a system to a periodic field as a function of 
the noise strength. Bi-substituted ferrite-garnet films with uniaxial anisotropy were used as simple 
examples of bistable systems. Noise was produced by (i) thermal fluctuations of an effective 
magnetic field and (ii) externally applied “noiselike” magnetic fields. The position of the peak 
depended dramatically on the magnitude of applied dc fields, so that dc fields of about 1 mOe in the 
spatial scale of 10 pm were measured. MSR applications to various tunneling phenomena such as 
tunneling of magnetization in small magnetic particles are discussed. 


Recently, peculiarities of the response of a bistable mag¬ 
netic system to a periodic magnetic field in the presence of 
noise have been predicted. 1 T t was shown that the signal-to- 
noise ratio has a peak at some noise strength. This phenom¬ 
enon was called magnetostochastic resonance (MSR) and 
turned out to be an excellent tool for investigation of various 
tunneling phenomena. It enables us to evaluate basic tunnel¬ 
ing characteristics in case, e.g., of quantum magnetization 
tunneling and electron tunneling that depends upon magne¬ 
tization. Besides, MSR provides a new method for magnetic 
field detection in the nanometer scale. 

To model the theory in a simple system we detect MSR 
in a bistable ferrite-garnet film. In this article detailed de¬ 
scription of experimental procedures is given and applica¬ 
tions of the phenomenon to magnetic field measurements are 
discussed. 

Let us recall main features of the magnetostochastic 
theory. Uniform magnetization dynamics of a bistable system 
is considered. An angle 0 between magnetization and the 
easy axis is taken as the generalized coordinate of the sys¬ 
tem. The system is located in one of the minima in the ab¬ 
sence of noise. An application of a periodic magnetic field 
// ac (the ac field) along the easy axis changes the potential 
energy of the system each half of a period as shown in Figs. 
1(b) and 1(c). The change of the magnetization angle 6 will 
be referred to as a magnetization signal. In the absence of 
noise this change is determined by the stiffness of the poten¬ 
tial minimum in which the system is located. The presence of 
noiselike magnetic fields of some origin results in magneti¬ 
zation changes even in the absence of the ac field. These 
changes are usually called noise. 

In the presence of noiselike magnetic fields and the ac 
field the transitions between minima are possible. It means 
that for one-half of a period the system will move over the 
barrier from the higher minimum to the deeper one and for 
the other half of the period the system will move back, if the 
noise strength is sufficient enough. In this case the magneti¬ 
zation signal is determined by an “average” potential stiff¬ 
ness and is much greater than that in the absence of noise. 
This leads to a peak in the signal-to-noise ratio at some noise 
strength. 1 


The experimental setup is shown in Fig. 1. To model the 
phenomenon a thin easy-axis ferrite-garnet film, with high g 
factor, was chosen as a bistable magnetic system. An addi¬ 
tional in-plane magnetic field H m was used to lower the po¬ 
tential barrier between minima and to remove domains out of 
the sample. A periodic field H 3C was applied along the film’s 
easy-axis z. The angle 6 between the net magnetization of 
the illuminated part of the film and the easy-axis z was cho¬ 
sen to be the generalized coordinate of the system. The 
changes of the angle 6 were detected by means of the Fara¬ 
day effect. The magneto-optical signal (MO signal) S is 
given by 5 = KF ? cos 2 [<p + at(M z /M 0 j], where K is a con¬ 
stant that describes photodiode efficiency, F 0 is the total light 
flux, <p is an angle between the polarizer and the analyzer, 
cos 0 is the z component of total magnetization 
Af 0 , and a is a Faraday rotation angle of the film. In the 
performed experiments the condition aMjM 0 <(p was satis¬ 
fied. It means that the MO signal was simply proportional to 
the studied magnetization signal, which was defined in the 
introduction as a change of the angle 6. 

It follows from the equation that the MO signal does not 
depend upon the size of the light spot on the film in the 
absence of noise. However, thermally induced noiselike 
magnetic fields depend upon the sample volume: the smaller 
the volume, the bigger the strength of the effective fields 
H eft , which influence the uniform magnetization dynamics. 
It allowed us to register the film response to the ac field for 


{Bin 



FiG. 1. The experimental installations: (1)—a laser, (2)—a polarizer, (3)—a 
lens, (4)—coils for magnetic fields production, (5)—a ferrite-garnet film, 
(6)—an analyzer, (7)—a photodetector, (8)—a narrow bandwidth nanovolt¬ 
meter, (9)—magnets. 
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FIG. 2. (a) MO signal in the absence of the ac field, (b) MO signal in the 
presence of the ac field of 0.7 Oe and frequency 3 kHz, both vs the distance 
between the lens and the sample. 


various noise strengths by changing the size of the light spot 
where magnetization changes were detected. For this a spe¬ 
cial lens was used. Also, an external coil powered by ampli¬ 
fied currents from a closed diode was used as a generator of 
white noiselike magnetic fields H cxl . 

The measurements were carried out in the following 
way. First, the amplitude of the ac field was set to zero, 
H 3C = 0, and MO signals were measured by the photodetector 
and the narrow bandwidth nanovoltmeter for various sizes of 
the light spot on the sample. Then, the ac field was applied 
perpendicular to the film, see Fig. 1, and MO signals were 
measured in relation to the distance between the lens and the 
sample. The signal-to-noise ratio is the quotient of the MO 
signal in the presence of the ac field over the MO signal in 
the absence of the ac field. Using measured signals, we cal¬ 
culated signals-to-noise ratios for different samples and 
found MSR curves. Analogous procedures were used in case 
of externally applied noiselike magnetic fields. In this case 
the noise strength was varied by a change of the amplifica¬ 
tion gain of the noise generator. 

In Fig. 2(a) typical MO signals in the absence of the ac 
field are plotted as a function of the distance between the 
lens and the sample. The distance of 7.7 cm corresponds to 
the minimal light spot size of 5 fim. As an example, the 
curves are presented for the sample with composition 
(LuBi) 3 (FeGa) 5 0 12 and parameters: the thickness—7 //m, 
the anisotropy field—1200 Oe, the domain period—22 fim, 
magnetization—-70 G, the dimensionless Gilbert damping 
constant—0.16. Figure 2(a) shows MO signals in the pres¬ 
ence of the ac field having an amplitude 0.7 Oe and a fre¬ 
quency 3 kHz. Using points from Figs. 2(a) and 2(b), the 
signal-to-noise ratio can be calculated for various noise 
strengths, which gave us the typical MSR curve shown in 
Fig. 3(a). Other films also demonstrated such dependence. 

MSR curves for the case of externally applied noiselike 
magnetic fields were also detected. They have the same form 
as shown in Fig. 3. 

The position of the stochastic resonance peak depends 
upon the frequency of the ac field. It was found that the peak 



FIG. 3. (a) The MSR curve and (b) the change in the MO signal in the 
presence of the ac field due to application of the dc field of C 2 Oe. The 
sample is the same as in Fig. 2. 


position moved into the higher fluctuation strength region for 
a higher frequency of the ac field. 

The most interesting result was obtained when an addi¬ 
tional dc magnetic field H dc was applied perpendicular to the 
film, see Fig. 1. Such a field removes the degeneracy of the 
minima of the magnetic potential and reduces the MO sig¬ 
nals, which are measured in the presence of the ac field. The 
greatest MO signal in the presence of the ac field is observed 
when the total external field has only the in-plane component 
and the potential minima are degenerate. This fact was used 
to adjust the sample position between magnets, which were 
exploited to produce the in-plane field H m . 

The changes of MO signals due to application of the dc 
field were studied for various noise strengths and for various 
amplitudes of the dc field. In these experiments the ampli¬ 
tude of the ac field was chosen to be 0.2-1.0 Oe. Figure 3(b) 
demonstrates this change for the dc field with an amplitude 
of 0.2 Oe as a function of the noise strength. The change of 
MO signal in the presence of the ac field due to the dc mag¬ 
netic field as a function of the amplitude of the dc field is 
shown in Fig. 4. The curves shown in Fig. 3(b) and in Fig. 4 
are the same for both directions of the dc field. This fact was 
also used to position the sample in the external magnetic 
field. 

It is interesting to note two important features of the 
change of the MO signal in the presence of ac field due to the 
dc fields. This change has linear dependence upon the am¬ 
plitude of the dc field, see Fig. 4. In addition, the MO signals 
are very sensitive to the applied constant fields. For example, 
dc magnetic fields as small as 1 mOe were detected in our 
experiments. It means that MSR can be successfully used for 
sensor development. 

Let us consider results obtained in terms of the stochas¬ 
tic theory 2,3 and its particular application to magnetization 
dynamics. 1 There are two important parameters which de¬ 
scribe resonance: the energy bairier and the Kramers time. 
The energy barr;..i between the minima of the magnetic po- 
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FIG. 4. The change of the MO signal in the presence of the ac filed due to 
application of the dc field as a function of the amplitude of the dc field. The 
lens position corresponds to the resonance peak. The sample is the same as 
in Fig. 2. 


tential of an easy-axis ferromagnetic film in the presence of 
an in-plane field H in is given by A U = ( H a M 0 ve 2 /2 ), 
where H a is the anisotropy field, v is the sample volume, and 
6=1 -HJH a . The Kramers transition rate for the z compo¬ 
nent of magnetization in the effective potential 1 can be found 
as "to = (uyeHJ-jlir) exp[ - (HgMoV^HkgT)], where a is 
the dimensionless Gilbert damping constant, y is the gyro- 
magnetic ratio, k B is the Boltzmann constant, T is the tem¬ 
perature, and 6 is assumed to be small. (The definition of the 
anisotropy field differs in factor 2 in comparison with that of 
Ref. 1.) 

It is necessary to know the value of the in-plane field in 
order to calculate At/ and r Kr . The in-plane field was pro¬ 
duced by two magnets (<f> 5 cm, 1800 G) mounted on mov¬ 
able holders, whereas the sample was placed in the region of 
the maximum homogeneity of the field. To evaluate the in¬ 
plane field, the response to the periodic field has been used. 
This response has the peculiarity at the magnitude of the 
in-plane field which is equal to the magnitude of the anisot¬ 
ropy field. It was found that the difference between the in¬ 
plane field applied in resonance experiments and the anisot¬ 
ropy field of the sample was smaller than 0.2-0.4 Oe for 
thermal “noise” magnetic fields, which was determined by 
the accuracy of measurements of magnets positions and the 
magnitude of the in-plane field. Since the anisotropy fields of 
studied films were of the order of 1000 Oe, it means that 
6=l-// in /// u <4XlO“ 4 in our experiments. In case of exter¬ 
nal noiselike magnetic fields e<3Xl(T 2 . 

It allows us to put bounds on the energy barriers and the 
Kramers transition rates. Taking H a = 1200 Oe, e=3Xl(T 4 , 


M 0 =70 Oe, u=1.4XlO -10 cm 3 , a=0.16, y=10 8 (Oes) -1 , 
T =293 K for the peak of resonance curve shown in Fig. 3(a), 
we find that Ai/<5.2X10~ 13 ergs and ^>21 Hz. The en¬ 
ergy barrier and the Kramers transition rate in case of exter¬ 
nal noiselike magnetic fields were Ai/<5.2XlO~ n ergs and 
j^MO -4 Hz. The effective magnetic field that corresponds 
to the energy barrier H cff = (// a e 2 )/2 was H tfS < 10 -4 Oe for 
thermally induced magnetic fields and //„,< 1 Oe for the 
external noise. Since amplitudes of the periodic test fields 
were 0.03-0.7 Oe, the resonance curves were detected in the 
nonlinear regime, which means that the ac field made one 
minimum of the bistable potential disappear for each half of 
the period. The small value of H tf{ required to maintain the 
in-plane field of the order of 1000 Oe with the accuracy 
better than 0.2 Oe. For this, experimental installations were 
mounted on a stabilized optical platform. To loosen the con¬ 
straint on the stability of the in-plane field, it is necessary to 
detect the magnetization response in smaller volumes than 
those of our experiments. The promising way to solve the 
problem is to detect magnetization by means of the Kerr 
effect instead of the Faraday effect. In this case the effective 
depth in which magnetization is detected can be as small as 
wavelength of the light. It allows one to reduce the detection 
volume by a factor of 10. The best MSR application will be 
the detection of magnetization tunneling in small magnetic 
particles, since they inherently have small volumes. 

It should be noted that samples vibrations in the external 
magnetic field and random magnetic fields, which contrib¬ 
uted to the change of the in-plane field, lead to the change in 
basic resonance parameters (2), (3) and, hence, to the reduc¬ 
tion of the resonance peak. Mechanical vibrations and ran¬ 
dom fields, which result in the magnetic field perpendicular 
to the film, contributed to the independent upon volume 
magnetization noise. 

Finally, we would like to emphasize the important influ¬ 
ence of the dc magnetic fields applied perpendicular to the 
film on the magnetization response to the r ield in the 
presence of noise. Such a field removes the degeneracy of 
the energy minima, changes the system distribution in the 
absence of the periodic test field, and changes the hopping 
rates between the energy minima. Thus, the magnetization 
response to the ac field depends upon the presence of small 
dc magnetic fields and noise. The theoretical treatment of the 
bistable system susceptibility to the dc field in the presence 
of the ac field and noise is beyond the scope of the article. 

The authors are indebted to Professor C'mdnovsky for 
sending copies of his papers and for helpful discussions. One 
author (A.N.G.) acknowledges the financial support of the 
Soros International Science Foundation, by Grant No. 
M8L000. 
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An extensive analysis of ac magnetic susceptibility measurements of single-crystal gadolinium is 
presented. The demagnetization-corrected c-axis data are analyzed on the basis of a power law of 
the form x c =Af -y where t is the reduced temperature above T c . Our results yield effective values 
of r c =293.57 K and y— 1.327. The basal plane susceptibility is expressed as a parametric equation 
in terms of the c-axis susceptibility xhb + C'Xc ylr - The exponent y, which is related to the 
critical exponent associated with the specific heat a as y — 1 -a, is determined by our analysis to be 
y = 1.01(2). This gives a temperature scale associated with the anisotropy as f anis =2.0X10~ 3 . These 
results are interpreted in the context of the effects of dipolar interactions in the critical region. 


I. INTRODUCTION 

The critical magnetic properties of gadolinium have re¬ 
cently been reported by several authors. 1 ' 8 Although early 
measurements on Gd 9-12 led to certain ambiguities concern¬ 
ing the proper universality class for this ferromagnet, recent 
studies using a variety of experimental techniques have pro¬ 
vided a consistent picture of the critical behavior which has a 
firm foundation on modern theoretical predictions. This be¬ 
havior has been shown to be complex and to be dominated in 
the critical region by the presence of magnetic dipole-dipole 
interactions. The recent analysis of basal plane ac suscepti¬ 
bility by Stetter et al . 8 is contrary to this interpretation and 
these authors have suggested the Gd exhibits three- 
dimensional Ising behavior and that sample imperfections 
limit the asymptotic critical behavior. It is the purpose of the 
present investigation to consider the reasons for these appar¬ 
ent inconsistencies, to provide a new analysis of experimen¬ 
tal results and to interpret these data in the context of recent 
theoretical predictions in order to provide a consistent and 
comprehensive understanding of the static critical magnetic 
behavior of gadolinium. 

II. EXPERIMENTAL METHODS AND DATA ANALYSIS 

A single crystal of high purity gadolinium with a resis¬ 
tivity ratio of p(295 K/p(4.2 K)=156 was cut into the form 
of a cube with an edge length 0.249 ±0.005 cm and the 
c-axis oriented along one of the cube edges. Further details 
of the sample preparation have been reported in Ref. 6. Mea¬ 
surements of the ac susceptibility have been performed 6 7 for 
two crystallographic orientations; with the c axis along the 
applied ac field direction and with one of the basal plane 
axes along the field direction. 


The c-axis susceptibility in the critical region is defined 
for f—>0 + by the power law of the form 

Xc=At~\ (1) 

where the reduced temperature t is defined in terms if the 
Curie temperature T c as 


In contrast to the c-axis susceptibility which diverges as T c 
is approached from above, the basal plane susceptibility re¬ 
mains finite and is described by 

x~J=b+c t y, (3) 

where the exponent y is related to the critical exponent for 
the specific heat a by 7 

y=l~a. (4) 

The susceptibilities given in the above expressions are intrin¬ 
sic quantities and are independent of sample geometry. The 
actual measured susceptibilities are the demagnetization lim¬ 
ited external quantities and are related to the intrinsic quan¬ 
tities by the demagnetization factor N as, e.g., 

1 1 

-=- +n (5) 

Tc.ext Tc.inl 

and similarly for the basal plane susceptibility. Since, in our 
experimental measurements the sample geometry was cho¬ 
sen to be cubic, the demagnetization factors for 'he c-axis 
and the basal plane susceptibility were identical. Equation 
(5) may be used in conjunction with Eqs. (1) and (3) to 
express the extrinsic quantities as 
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FIG. 1. Measured basal plane susceptibility as a function of measured c-axis 
susceptibility. Each point represents measurements of the susceptibility 
along the two directions at the same temperature. The reduced temperature 
scale as obtained from a lit to T c for the c-axis data is indicated in the figure. 


-Vc.cxt 


=A~ l t y +N, 


( 6 ) 


and 


XaU =B + Cty+N. (7) 

In these expressions the coefficients A, B, and C and the 
exponents y and y are fitted parameters. While the Curie 
temperature may be obtained by independent methods and 
the demagnetization factor may be estimated on the basis of 
geometric considerations, it is essential to determine the val¬ 
ues of the parameters in Eqs. (6) and (7) in a consistent 
manner. It is clear from the form of Eq. (7) that the values of 
B and N cannot be determined independently from the basal 
plane data. It should also be noted that since |a|<Sl, then 
y 1 and the value of C is highly correlated to the value of 
B+N. Because N is the same in Eqs. (6) and (7) it is pos¬ 
sible to combine these two expressions and to fit the c axis 
and basal plane data simultaneously. Solving both expres¬ 
sions for t gives 


Xab,zx t" 


B' + C' 


Xc,, 


■N 


N 


yly 


( 8 ) 


where B' is given by B + N and C' may be expressed in 
terms of C and A . This expression is valid for a given value 
of t and requires that experimental measurements for the c 
axis and basal plane orientations be made for the same values 
of temperature (as is the case for our measurements). This 
expression allows B', y, and y to be determined in a consis¬ 
tent manner for both the c axis and basal plane data without 
the need to know T c . Fitted values of these parameters may 
then be used to obtain T c from a fit to Eq. (1) for the c-axis 
data. 


TABLE I. Fitled parameter values for the critical susceptibility of gado¬ 
linium. 


Parameter 

Value 

Uncertainty 

A 

1728 

1.0 

B 

0.524 

0.005 

N 

3.84 

0.02 

y 

1.327 

0.002 

y 

1.01 

0 01 

T c 

293.57 

0.02 


III. RESULTS AND DISCUSSION 

Measured basal plane susceptibility as a function of c- 
axis susceptibility measured at the same temperature is illus¬ 
trated in Fig. 1. Parameters obtained from least-square fits to 
Eqs. (1) and (8) are given in Table I along with uncertainties 
based on a statistical analysis of the fits. 

Although the use of a cubic sample in our studies results 
in a large demagnetization correction, it is precisely the use 
of this geometry which allows for a direct comparison of the 
c-axis and basal plane behavior in the critical region without 
the need to apply these corrections. Perhaps the ideal sample 
geometry in this respect would be a sphere. However, the 
likelihood of introducing additional defects during the ma¬ 
chining is an important consideration in the choice of a cubic 
sample. The anisotropic nature of the critical behavior is 
readily apparent from our measurements for reduced tem¬ 
peratures less than about 10~ 2 and this, in itself, provides 
evidence to support our choice of the model based on dipolar 
interactions as described above for the analysis of these data. 
A direct measurement of the importance of the dipolar inter¬ 
actions may be obtained on the basis of the above treatment. 
A reduced temperature scale for the dipolar interactions is 
expressed in terms of the coefficients in Eqs. (2) and (3) as 7 

'a„is=(£M) ,/r . (9) 

Using the values of these parameters as given in Table I, r anis 
is found to be 2.2X10” 3 . This corresponds to an actual tem¬ 
perature difference between T anis and T c of 0.65±0.10 K. 
This is in good agreement with theoretical predictions 7,13,14 
for the crossover temperature to anisotropic dipolar behavior 
in this system; AT=T 3ms -T c = : QA5 K, and previous investi¬ 
gations involving an independent analysis of c-axis and basal 
plane susceptibility data. 

In a comparison of recent experimental studies of Gd it 
is essential to consider differences in sample quality and ge¬ 
ometry and their effects on measured magnetic properties. Of 
particular relevance in this respect is the relationship of the 
sample used in the recent study by Stetter et air and that 
used for our own investigation. Stetter et al , 8 have used a 
300 A film grown with the Gd basal plane parallel to the 
(110) surface of a tungsten substrate. It is clear from the 
annealing studies reported by these authors that their as- 
deposited films show magnetic behavior which is severely 
influenced by the presence of defects. Even after annealing at 
870 K these authors base their data analysis on a model 
involving the existence of imperfections which cause a 
spread in Curie temperatures of 1 K. No further improve¬ 
ment in the sharpness of the transition was observed for 
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higher temperature anneals. Stetter et al. 8 have suggested 
that the behavior which we attribute to dipolar effects may 
actually be the result of sample imperfections as they occur 
on a temperature scale comparable to the T c smearing ob¬ 
served in the thin-film experiment. The following evidence 
would seem to be against this interpretation for the following 
reasons: 

(1) The samples used in our studies and in those of Stet¬ 
ter etal. 8 have been prepared by different methods and it 
would be highly coincidental if the level and type of imper¬ 
fections in the two samples yielded precisely the same influ¬ 
ence on the magnetic properties. 

(2) There is no evidence on the basis of our resistivity 
studies of single-crystal Gd of any smearing of T c on a re¬ 
duced temperature scale of about 1(T 4 (see Ref. 5), or in the 
c-axis ac susceptibility data reported previously. 6,7 This is 
also the case for other studies of the magnetic properties of 
bulk Gd samples reported in the literature. 1 ' 4 

Our own studies, 6 ' 7 as well as those of others, e.g., Ho- 
henemser and co-workers, 1-4 indicate that the critical tem¬ 
perature region of Gd exhibits complex crossover behavior 
over an experimentally observable range of reduced tempera¬ 
tures and it is not likely that measured critical properties will 
be asymptotic. Instead, critical exponents derived from stud¬ 
ies of Gd should be treated as effective exponents for the 
particular range of reduced temperatures studied and that the 
values of these exponents will inevitably be dominated by 
anisotropic effects which result from the presence of dipolar 
interactions. This behavior of critical properties has been 
shown to result from a crossover pattern from exchange 
dominated Heisenberg behavior far above T c to isotropic di¬ 
polar to anisotropic dipolar close to T c . 


The present analysis provides additional evidence for the 
behavior described above and indicates that, by the proper 
choice of sample geometry and measurement of data at 
proper temperature intervals, meaningful results which dem¬ 
onstrate the anisotropic dipolar character of gadolinium can 
be obtained without the need for an independent knowledge 
of the Curie temperature or the sample demagnetization 
factor. 
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Monte Carlo simulation of Ising models with dipole interaction 
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Recently, a new memory effect was found in the metamagnetic domain structure of the diluted Ising 
antiferromagnet Fe^Mgi _ X C1 2 by domain imaging with Faraday contrast. Essential for this effect is 
the dipole interaction. We use a Monte Carlo method to simulate the low-temperature behavior of 
diluted Ising antiferromagnets in an external magnetic field. The metamagnetic domain structure 
occurring due to the dipole interaction is investigated by graphical representation. In the model 
considered, the antiferromagnetic state is stable for an external magnetic field smaller than a lower 
boundary B cl while for fields larger than an upper boundary B c2 the system is in the saturated 
paramagnetic phase, where the spins are ferromagnetically polarized. For magnetic fields in between 
these two boundaries a mixed phase occurs consisting of ferromagnetic domains in an 
antiferromagnetic background. The position of these ferromagnetic domains is stored in the system: 
after a cycle in which the field is first removed and afterwards applied again the domains reappear 
at their original positions. The reason for this effect can be found in the frozen antiferromagnetic 
domain state which occurs after removing the field at those areas which have been ferromagnetic in 
the mixed phase. 


The three-dimensional Ising model with an antiferro¬ 
magnetic exchange interaction undergoes a first-order phase 
transition from an antiferromagnetic to a paramagnetic satu¬ 
rated phase for low temperatures during an increase of the 
homogeneous external magnetic field. Because of demagne¬ 
tizing field effects in experimental systems like FeCl 2 there 
occurs a mixed phase for external fields B cl ^B^B c2 } In 
theoretical considerations the existence of a mixed phase is 
often neglected since dipole interactions have to be consid¬ 
ered in order to investigate the mixed phase. Especially in 
Monte Carlo simulations, the dipole interaction can hardly be 
taken into account for lattices large enough to investigate 
domain structures due to its long-range nature: for each spin 
flip the number of operations to calculate the change in en¬ 
ergy scales with the number of spins in the system. However, 
we used a specially adjusted algorithm to do these calcula¬ 
tions efficiently. The details of our method will be published 
elsewhere. 

In this paper, we perform simulations in order to get a 
deeper understanding of a new memory effect that was found 
recently in the mixed-phase domain structure of the diluted 
Ising antiferromagnet Fe^Mg^C^ by domain imaging with 
Faraday contrast. 2 The position and shape of paramagnetic 
saturated domains which grow within the antiferromagnetic 
state while the field is increasing, is stored in the sense that 
the domains reappear even after a cycle in which the field is 
first removed and afterwards again applied. Essential for an 
investigation of this effect is obviously the dipole interaction, 
since it is this long-range interaction which is responsible for 
the occurrence of a mixed phase. 

The diluted Ising antiferromagnet in an external mag¬ 
netic field (DAFF) is an ideal system to study random field 
behavior theoretically as well as experimentally since it is 
believed to be in the same universality class as the random 
field Ising model (RFIM). 3 A well-known feature of the 
DAFF is the formation of a domain state with extremely long 
relaxation times (for an overview see Ref. 4). This domain 
state is frozen even for zero field and it is obtained by either 


cooling the system in an external field from the paramagnetic 
high-temperature phase or by decreasing the field corre¬ 
spondingly. The mechanisms which are responsible for the 
hysteretic properties of the DAFF have been investigated 
experimentally, 5,6 theoretically, 7 and in computer simu¬ 
lations. 8 ' 11 In the following, we will show that the under¬ 
standing of the hysteretic behavior of the DAFF is essential 
for an understanding of the memory effect. 

The Hamiltonian of an Ising model with dipole interac¬ 
tion in units of the coupling constant reads 

//=2 e,(7, 

^ €,€f(T,CT. - 

+ </2 -V- (1-3 cos 2 OJ 

t.J r I.J 

where cz, = ±l are the spins and the e,=0,l represent the 
dilution p=5%. In the first sum (i,j) means all combinations 
of spins which are nearest neighbors. The exchange interac¬ 
tion favoring antiferromagnetic alignment of spins is set 
equal to one. The second sum represents the interaction with 
the external magnetic field B. The third sum is over all com¬ 
binations of spins and d represents the strength of the dipole 
interaction (zi=0.5 in this case). r t ) is the distance between 
two spins on sites i and j and 8 is the angle between the z 
axis (the direction of the external field) and the distance vec¬ 
tor r. In order to simplify the model we restrict ourselves to 
a two-dimensional system with open boundary conditions 
representing one plane of the experimental system. As we 
will see the qualitative behavior of the experimental system 
is well described by our model as far as the domain structure 
is concerned, which is responsible for the memory effect. 

We use an antiferromagnetic long-range ordered system 
as the initial spin configuration. The simulation is done at 
very low temperature, 7=0.1. The system builds up a 
saturated-domain state for a field of B = 2.65 which is within 
the mixed phase, then we investigate the development of this 
domain state during a field cycle to zero field, B = 0, and 
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FIG. 1. Spin configuration and column magnetization of the simulated sys¬ 
tem as explained in the text: a metamagnetic domain configuration in the 
mixed phase. 

then back to the mixed phase, 2? =2.65. The time that is 
needed to equilibrate the system is a few hundreds of Monte 
Carlo steps per spin. 

The system has a size of 190X50 (xXz), i.e., 190 col¬ 
umns and 50 rows. The figures show spin configurations of 
the simulated system as well as the mean magnetization of 
the columns of the system. The external magnetic field is 
aligned with the easy axis of the spins, the z direction. Each 
site of the two-dimensional square lattice is represented by a 
square, the vacancies of the system are shown as black, up- 
spins as grey and downspins as white squares. The mixed 
phase (Fig. 1) consists of antiferromagnetic domains (check¬ 
erboardlike) and paramagnetic saturated (ferromagnetic) do¬ 
mains (grey, “spinup”). In the latter domains the spins are 
aligned with the field. The domains have the form of stripes. 
This follows directly from the nature of the dipole interaction 
which favors those spins to order ferromagnetically which 
are on lattice sites placed along the direction of the easy axis 
leading to the development of ferromagnetically ordered col¬ 
umns. Also shown in the upper part of Fig. 1 is the column 
magnetization, i.e., the mean magnetization of each column 
of the system. This quantity corresponds to the Faraday con¬ 
trast that is observed in experiments. Since the domains are 
striped there is a sharp contrast between antiferromagnetic 
domains (magnetization®*!)) and paramagnetic saturated do¬ 
mains (magnetization®* 1/per spin). 

Lowering the field to zero the saturated domains vanish 
(Fig. 2) and the magnetization decreases to nearly zero. 
However, an accurate analysis of this zero-field spin configu¬ 
ration shows that it is not completely antiferromagnetically 
long-range ordered. Instead, those regions of the system 



FIG. 2 Spin configuration and column magnetization of the simulated sys¬ 
tem an antiferromagnetic domain configuration after removing the field. 


FIG. 3. Spin configuration and column magnetization of the simulated sys¬ 
tem: the metamagnetic domain configuration after applying the field again. 

which have been paramagnetic saturated in the field now 
consist of an antiferromagnetic domain structure correspond¬ 
ing to the domain state of a DAFF after field decreasing. 
Why does this happen? 

In a field-decreasing procedure the antiferromagnetic- 
paramagnetic phase boundary is crossed in a direction from 
the paramagnetic to the antiferromagnetic phase. In this case, 
due to the unconventional dynamics of the DAFF which fol¬ 
lows from random-field pinning, the system cannot develop a 
long-range ordered state. Instead, it freezes in an antiferro¬ 
magnetic domain state. This effect is the reason for the un¬ 
conventional structure of the system after removing the ex¬ 
ternal field. In regions of the system which have been 
paramagnetic saturated in the mixed phase, a frozen antifer¬ 
romagnetic domain state develops while in the regions of the 
system which have been antiferromagnetic nothing changes, 
the long-range order persists. The nonexponential dynamics 
of antiferTomagnetic domains in a DAFF after removing the 
external field has been investigated earlier (see Ref. 12; and 
references therein). The domains are frozen and remain prac¬ 
tically constant on time scales accessible for observation. 
Note that due to the existence of antiferromagnetic domains 
and domain walls, respectively, there is a finite column mag¬ 
netization. This magnetization is small compared to the mag¬ 
netization of a saturated domain but it is larger than the mag¬ 
netization of an antiferromagnetic column which is also not 
exactly zero due to fluctuations of the vacancy distribution in 
our finite system. 

After applying the magnetic field again, once more a 
configuration of striped antiferromagnetic domains arises 
(Fig. 3). Comparing this configuration with the original do¬ 
main configuration (Fig. 1) one finds that the original domain 
configuration is nearly reproduced, at least in that sense that 
paramagnetic saturated domains grow first at those places 
which have been paramagnetic saturated before. This is the 
memory effect. Its origin is the antiferromagnetic domain 
configuration of the system after removing the field (Fig. 2). 
The regions which consist of an antiferromagnetic domain 
state are less stable than the long-range ordered regions since 
the first contain domain walls. These regions are the first in 
which saturated domains during an increase of the external 
field occur, restoring the original metamagnetic domain con¬ 
figuration. 
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Magnetic phase diagrams of NdRu 2 Si 2 and TbRu 2 Si 2 compounds 
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Here we report a detailed study providing complete H-T phase diagrams for both NdRu 2 Si 2 and 
TbRu 2 Si 2 intermetallic compounds, based on high resolution SQUID magnetization measurements, 
in the temperature range 2-300 K and in applied magnetic fields up to 5 T, using c-axis 
magnetically oriented powders. For NdRu 2 Si 2 , our results are in good agreement with recent 
neutron diffraction work under applied magnetic fields, confirming the appearance of an 
intermediate (temperature and field) ferrimagnetic phase responsible for the two-step metamagnetic 
process observed in the temperature range 16-22.5 K. Our isofield magnetization curves provide 
unambiguous evidence on the decomposition of this ferrimagnetic phase into ferromagnetic and 
antiferromagnetic components. Furthermore, at low temperatures and low fields, we observe, in this 
compound, the presence of thermal irreversibility effects. For TbRu 2 Si 2 , we present an experimental 
account, on its H-T phase diagram, which shows striking differences with respect to that of 
NdRu 2 Si 2 . In particular, the ferrimagnetic phase, which sets in at 50 K, persists down to the lowest 
temperature. In addition, we observe reentrant ferrimagnetism in this compound (ferri-ferro-ferri) 
under applied fields in the range 28-31 kOe,. 


I. INTRODUCTION 

The ternary intermetallic compounds NdRu 2 Si 2 and 
TbRu 2 Si 2 crystallize in the tetragonal ThCr 2 Si 2 -type crystal 
structure, with magnetic moments only at the rare-earth sites. 
Due to their strong crystal field magnetic anisotropy, they 
behave as uniaxial materials, with the moments always di¬ 
rected along the tetragonal c axis. 

The first neutron diffraction measurements on these 
compounds, at zero magnetic field, have shown interesting 
sequences of magnetic phases at low temperatures, specially 
in the case of NdRu 2 Si 2 .' 

At the Neel point, T N =23.5 K, NdRu 2 Si 2 undergoes a 
second-order phase transition from the paramagnetic state 
into a pure sinusoidal amplitude modulated phase, with 
modulation vector [0.13, 0.13, 0], As temperature decreases 
below approximately 16 K, the growth of higher-order har¬ 
monics takes place and the structure squares up, reducing its 
entropy. This process is completed at T c ^8 K, at which the 
system becomes partially ferromagnetic (FE), through a 
second-order phase transition. Below this temperature, the 
coexistence of both the FE and square-wave modulated 
phases was observed. 

At zero field, TbRu 2 Si 2 orders below T N =55 K, through 
a first-order phase transition, in a [0.23, 0, 0] modulated 
phase which squares up at low temperatures. 

The application of a magnetic field along the tetragonal 
c axis induces the appearance of new phases through the 
inversion of moments at those sites where the internal field is 
small. At intermediate fields, similar ferrimagnetic (FI) 
phases stabilize in both compounds. In NdRu 2 Si 2 , a FI phase 
consisting of a FE component and antiferromagnetic (AF) 
modulations [0.13, 0.13, 0] and [0.26, 0, 0] in the tempera¬ 
ture range 16 K<T<23 K, for magnetic fields from 5.5 to 8 
kOe, has been reported. 2 In TbRu 2 Si 2 , a FI structure with a 


FE component and [0.23, 0, 0], [0.23, 0.23, 0] AF modula¬ 
tions has been observed at 4.2 K. 3 

The aim of our present work was to determine the com¬ 
plete magnetic phase diagram of both compounds through 
SQUID magnetization measurements. These measurements 
were performed in powder samples whose grains were mag¬ 
netically oriented. The original samples were prepared as 
described in Ref. 1. 

A. NdRu 2 Si 2 

TYpical isothermal magnetization curves of NdRu 2 Si 2 , 
are presented in Fig. 1. We see that for magnetic fields in the 
range 5 kOe <H< 8.5 kOe a FI phase stabilizes from 22.5 K 
down to 16 K, the temperature at which the zero-field AF 
phase starts squaring-up. 1 Below 16 K, a single-step AF-FE 
magnetization process is observed. This suggests that the 
metamagnetic transition to the FI phase is only possible 
when the nearly pure sinusoidal amplitude modulated struc¬ 
ture is the starting phase at zero field. 

According to Ref. 2, this FI phase has a complex struc¬ 
ture consisting of a FE and two AF components, [0.13, 0.13, 
0] and [0.26, 0, 0]. Such decomposition of the FI phase is 
consistent with our isofield magnetization curves (see Fig. 
2). Indeed, the usual AF cusplike behavior of the magnetiza¬ 
tion near T N persists for fields up to ~8.5 kOe. Starting at 
~5 kOe and up to —8.5 kOe, the shape of the isofield mag¬ 
netization curves can be viewed as a superposition of an AF 
(cusplike) contribution which is partially masked by an in¬ 
creasingly important FE one. Aoove ~8.5 kOe, no AF be¬ 
havior is seen to exist and the system behaves as a typical 
ferromagnet. 

At low fields {H< 1 kOe), as temperature decreases be¬ 
low 10 K, the magnetization increases in a FE-like way, 
reaching a maximum around 5 K. Besides, it shows thermal 
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FIG 1. Isothermal magnetization curves of NdRu 2 Si 2 at several tempcra- 

,ures ' FIG. 3. H-T magnetic phase diagram of NdRu 2 St 2 . 


irreversibility effects, such as the difference between the zero B. TbRu 2 Si 2 

field cooled (ZFC) and field cooled (FC) measurements. A clear two . step me ,amagnetic process is observed, 

Such magnetic behavior may be the result of the competition characterized by two critical fields> H and H which 

between FEandAF phases which were reported to coexist in sists from the , owest temperature up t0 about 50 K> ie? in 

t is region. almost all the ordered temperature range (see Fig. 4). We 

The magnetic phase diagram (Fig. 3) was completed als0 observed the existence of magnetic hysteres i s abov e 

with both isothermal and isofield results. We notice that the H At this field> the magnetization jumps to an intermediate 

phase line separating the AF and FI regions is not horizontal, FI plateau with approximately half the 

saturation moment, 

as in Ref. 2. All other features of our phase diagram are in jumping agajn at ^ towards saturat i 0 n. The intermediate 

goo agreement with Ref. 2. pbase in tbe range h c[ <H<H c2 has been identified at 4.2 K 



T (K) 


FIG 2 Isofield magnetization curves of NdRu 2 Si 2 at several applied mag¬ 
netic fields. 



H(Oe) 

FIG. 4. Isothermal magnetization curves of TbRu 2 Si 2 at several tempera¬ 
tures. 
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T (K) 

FIG. 5. H-T magnetic phase diagram of TbRu 2 Sii. 


by neutron diffraction 3 as a complex two-dimensional modu¬ 
lated structure with a FE component and AF modulations 
[0.23, 0, 0], [0.23, 0.23, 0]. 

The observed regular increase of the magnetization be¬ 
low H cU characteristic of the development of a FE compo¬ 
nent, is attributed to the growing of higher-order harmonics 
in the AF [0.23, 0, 0] structure as H approaches H cX ? The 
sudden enhancement of this FE component is made possible 
only at H cl where an additional [0.23, 0.23, 0] modulation 
sets in. 

The obtained H-T phase diagram (see Fig. 5) is divided 
into three main ordered regions: AF for//<// cl and T<T N \ 
FI resulting from the superposition of two-dimensional AF 
modulations and a FE component, for H cl <H<H c2 and 
T <50 K; FE for H>H c2 . As shown in Fig. 5, this compound 
exhibits reentrant ferrimagnetism (FI-FE-FI) under applied 
fields in the range 28-31 kOe and the FI phase is seen to 
persist down to the lowest temperature. The isofield curves 
near this field range also illustrate this phenomenon (see Fig. 
6). For a field well within the FI region, e.g., H-26 kOe, and 
after the initial cusplike AF behavior just below T N , the 
magnetization increases regularly with decreasing tempera¬ 
ture. However, for a field intercepting both FE and FI re¬ 
gions, e.g., H =29 kOe, a noticeable change in slope takes 
place as temperature crosses the transition from the FI to the 
FE phases, at about 15 K. The magnetization reaches a maxi¬ 
mum at a lower temperature which coincides with the tran¬ 
sition from the FE back to the FI region. At H=22 kOe, the 
AF region is seen to extend over a wider temperature range. 



FIG. 6. Isofield MIH curves of TbRu 2 Si 2 at several applied magnetic fields. 

II. CONCLUSION 

The H-T phase diagrams of NdRu 2 Si 2 and TbRu 2 Si 2 
were obtained from SQUID magnetization measurements on 
powder samples. 

While in NdRu 2 Si 2 , the high field FI phase exists only 
for intermediate temperatures, in the case of TbRu 2 Si 2 the FI 
phase persists down to the lowest temperature and behaves 
as a reentrant phase for 28 kOe<//<31 kOe. 

A common feature of both diagrams lies in the fact that 
the respective intermediate FI phases set in through the ap¬ 
pearance of an additional AF modulation. In the resulting FI 
structure, a larger number of magnetic moments is expected 
to detect a reduced exchange field and thus flip in a smaller 
applied field. 4 
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The modified variational cumulant expansion (VCE) method valid for the whole temperature range 
and for arbitrary fields is developed to study the critical properties of the general q -state Potts model 
used to stimulate various magnetic systems. The series expansion is generated directly in terms of 
the Potts Hamiltonian. The free energy and the internal energy are calculated up to the third-order 
cumulant terms for the ^-dimensional hypercubic g-state Potts model. The expression for the critical 
temperature T c is derived in a closed form which allows to determine T c up to arbitrary order 
cumulant terms. The modified VCE method eliminates the unphysical first-order phase transition at 
the mean-field critical point in the internal energy of the Potts model which plagues the conventional 
VCE method. 


As a generalization of the Ising model to more than two 
components, the Potts model has become a subject of intense 
theoretical studies. In the absence of an exact solution for the 
general q -state Potts model, series expansions remain one of 
the most powerful tools in the theoretical studies of this 
model . 1 However, the critical behavior of the Potts model 
has been studied by generating series expansions only in the 
limiting cases of low and high temperatures . 1 In this paper, a 
modified variational cumulant expansion (VCE) method is 
developed to study the critical properties of the general 
17 -state Potts model in the whole temperature range. This 
modified VCE expansion is generated directly in terms of the 
Potts Hamiltonian. The expressions for the free energy and 
the internal energy for the d-dimensional hypercubic < 7 -state 
Potts model are obtained up to the third-order cumulant 
terms valid for the whole temperature range. A procedure is 
developed to eliminate the unphysical first-order phase tran¬ 
sition at the mean-field critical temperature for the correc¬ 
tions higher than the first order, which plagues the VCE 
method . 2 This procedure is tested for the Potts model with 
second- (q-2, d= 2) and first- (q =4, d= 3) order phase tran¬ 
sitions. 

The Hamiltonian of the general Potts model can be ex¬ 
pressed as 1 

H=-J2 8{a t ,a,)-H £ (1) 

where a, = 0 , 1 , 2 ,...,q -1 specifies the spin states at the site i, 
J stands for the coupling constant, and H is the external 
field. In applying the VCE method 2 one first introduces a 
trial Hamiltonian // 0 (£,) with variational parameters £, and 
expands the free energy of the Hamiltonian H of a real sys¬ 
tem as a series of cumulants averaged over exp (~H 0 /kT). 
The first-order expression for the free energy is minimized to 
determine the variational parameters, which are then substi¬ 
tuted back into the free energy expansion or higher-order 


'’Permanent address Kazan State University, Kazan 420008, Russia. 


cumulants. The action for the system is defined as S= -HI 
kT. Our trial action S 0 = -H 0 /kT is chosen as follows 
4-1 

So=2 2 &S(<r„k) (2) 

> *=o 

where £*= 1 +(< 7 -l)-s for k = 0 and £*=1-5 for 
£=1,2,...,g-l. Here s is the variational parameter which 
serves as the order parameter of the system. The asymmetric 
state f, (r = 0) is chosen to account for the symmetry break¬ 
ing below the critical temperature T C (1T) (5 = 0 ). When 
T>T C {H), symmetry should be retained, i.e., £ t =const, ( k 
=0,1,2 ,...,q), which implies that s=0. The VCE of the free 
energy up to the order m can be expressed as 2 

m j 

W m = W 0 ~2 ^((S-S 0 r) c ( 3 ) 

n- 1 

where W 0 is the free energy of the corresponding trial system 

*he symbol (...) c denotes the cumulant average of the 
t. ed quantity over the Boltzmann weight exp(S 0 ). The 
order parameter s is determined as a function of J/kT by 
minimizing the first-order free energy with respect to s. 

The free energy and the internal energy are calculated up 
to the third order in the cumulant terms. The results of cal¬ 
culations within the VCE method of the internal energy of 
the Potts model with a second-order phase transition (q = 2, 
d= 2) arc plotted in Fig. 1. It follows from Fig. 1 that the 
first-order internal energy is continuous as it should be, while 
the second- and third-order internal energies have disconti¬ 
nuities which occur at the mean-field critical point 
[kT c (l)/J = 2], As it follows from the comparison with the 
exact results, this is the unphysical phase transition which 
plagues the VCE method. 2 

The central issue for the VCE method is how to deter¬ 
mine the variational parameters (s for the present case). 
Within the VCE method the value of the order parameter is 
calculated only to the first order. 2 This is actually the pure 
variational result which gives the mean-field results when the 
trial action is chosen in the mean-field form. 3 Thus, the ex- 
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FIG. 1. VCE results for internal energy vs temperature for the q = 2 and 
d= 2 Potts model. The curves 1, 2, and 3 are the internal energy calculated 
up to first-, second-, and third-order cumulant terms, respectively. Curve 4 is 
the exact result. 



FIG. 2. Modified VCE results for internal energy vs temperature for the 
q= 2 and d= 2 Potts model. Curves 1, 2, and 3 arc the internal energy 
calculated up to first-, second-, and third-order cumulant terms, respectively. 
The exact result is curve 4. 


pansions with the order higher than one would carry the fea¬ 
tures of the first-order expansion. This leads to the appear¬ 
ance of the unphysical phase transition at the mean-field 
critical point. 

To eliminate the unphysical phase transition we use a 
procedure based on some conjectures for the location of the 
true critical temperature T c (m) for the mth order VCE. From 
the general symmetry consideration, the order parameter s 
should take value zero when T>T c (m) for the with older 
expansion. It is therefore reasonable to expect that the values 
s=0 corresponds to the global extremum (not necessarily the 
global minimum) of W m (T,s) for T>T c (m) and that s=0 
remains to be the solution as temperature decreases until it 
reaches the critical temperature when this solution becomes 
“unstable,” and then s changes to anouiei solution which 
becomes “stable.” These considerations lead to the follow¬ 
ing two equations which determine the critical temperature 
T c (m) and critical order parameter s c 

W m (T c ,Q) = W m (T c ,s c ) 

S , (4) 

g- s [W m (T,s)]\ s=s = 0, 


with 


S 2 W m (T,s) 


Ss* 


8 l W 


j = 0 


m(T,s) 

HP 


= 0 . 


(5) 


For systems with the second-order phase transition s c =0 and 
the equality (5) holds. The order parameter s(T,m) within 
this approach is determined by 

(0 for T>T c (m) 

5(r, '” ) = js(7\l) for T<T c (m)‘ 


The internal energy of the Potts model with the second-order 
(q=2,d=2) phase transitions is recalculated by means of the 
modified VCE method up to the third order in the cumulant 
terms and the results are plotted in Fig. 2. As it follows from 
Fig. 2, the unphysical phase transition at the mean-field criti¬ 
cal point has been eliminated and the overall features have 
been much improved although the higher-order internal en¬ 
ergies still have discontinuities, which are shifted to T c (s,m ) 
and are strongly reduced. The results of calculations of the 
internal energy of the Potts model with the first-order {q =4, 



FIG. 3. Modified VCE result for internal energy vs temperature for the <y=4 
and d=3 Potts model Curves 1, 2, and 3 arc the internal energy calculated 
up to first-, second-, and third-order cumulant terms, respectively. 
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FIG. 4. Inverse of the critical temperature vs q for the d =2 Potts model. 

d= 3) phase transition are presented in Fig. 3. It follows from 
Fig. 3, that the discontinuity in the internal energy, which is 
a characteristic feature of the first-order phase transition, is 
present to all orders. As a test of our conjecture on the defi¬ 
nition of the critical temperature, which is crucial for the 
modified VCE method, we calculated the first- and third- 
order critical temperatures for the two-dimensional Potts 


model with q varying from 3 to 20. The results of the calcu¬ 
lation together with the exact ones are presented in Fig. 4. As 
it follows from Fig. 4 the results of calculations converge to 
the exact one, thus supporting our conjecture. 

In summary, we have developed the modified VCE 
method valid for the whole temperature range to study criti¬ 
cal behavior of the general q -state Potts model. The free 
energy and the internal energy for the rf-dimensional hyper- 
cubic ij-state Potts model are calculated up to the third-order 
cumulant terms. It is shown that by analyzing the cumulant 
expansions the expression for the critical temperature T c is 
derived in a closed form which allows to determine T c up to 
arbitrary orders. It is found that the first-order cumulant term 
gives results which coincide with the mean-field results as 
expected. The modified VCE method eliminates the unphysi¬ 
cal first-order phase transition at the mean-field critical tem¬ 
perature in the internal energy of the Potts model which 
plagues the conventional VCE method. Calculation of T c for 
q varying from 3 to 20 shows that the results obtained up to 
the first- and third-order cumulant terms converge toward the 
exact results. 
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Phase transition in a system of interacting triads 
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The present work is motivated by the controversy on the nature of the phase transition on the 
Heisenberg stacked triangular antiferromagnet (STA). In particular, the renormalization group with 
4-e expansion suggests a new universality class, while the renormalization group with 2+6 
expansion using a nonlinear a (NLS) model shows that the transition, if not mean-field tricritical or 
first order, is of the known 0(4) universality class. In order to verify this conjecture, we study here 
an equivalent system obtained from the STA by imposing the local rigidity as has been used in the 
NLS model. The results show that none of the scenarios predicted by the NLS model is found. The 
critical exponent i>=0.48±0.05 is quite different from the original STA without local rigidity, 
indicating that the local rigidity changes the nature of the transition. It is also different from that of 
0(4). It means that successive transformations used to buildup the NLS model from the original 
STA may lead to the 0(4) universality class. 


I. INTRODUCTION 

Phase transitions in frustrated spin systems have been 
extensively investigated during the last decade. 1 In particu¬ 
lar, the nature of the phase transition in the stacked triangular 
antiferromagnets (STA) with Heisenberg spins interacting 
via nearest-neighbor ( nn ) bonds has been widely studied. 
This system belongs to a general family of periodically 
canted spin systems known as helimagnets. Recent extensive 
Monte Carlo (MC) simulations which are more precise than 
early MC works 2 have shown that the transition in STA is of 
second order with the critical exponents quite different from 
those of known universality classes. 3-5 The body-centered 
tetragonal helimagnet has also shown almost the same criti¬ 
cal exponents. 6 Using a renormalization group (RG) tech¬ 
nique in a 4-e perturbative expansion, Kawamura 7 has sug¬ 
gested a new universality class for that transition. However, 
by using a RG technique for a nonlinear <r (NLS) model with 
a 2+6 expansion, Azaria et al. 8 ~ w showed that the transition, 
if not of first order or mean-field tricritical, is of second order 
with the known 0(4) universality class. This situation is em¬ 
barrassing since the RG technique with 2+e and 4-e expan¬ 
sions usually yields the same result in three dimensions for 
nonfrustrated systems. Furthermore, it is clear that none of 
the scenarios predicted by Azaria et al. was verified by the 
above-mentioned independent MC simulations of the 
Heisenberg STA. 3-5 

The purpose of this paper is to find out the reason of the 
disagreement between the 2+e and the MC results. To this 
end, we study by the histogram MC simulation 
technique, 11,12 the approximated system used in the NLS 
model 8-10 and to compare the MC results with those per¬ 
formed on the original STA. 3-5 The approximated system, as 
seen in Sec. II, is in fact, obtained from the STA by neglect¬ 
ing local fluctuations while keeping the symmetry of the 
original Hamiltonian. 

Section II is devoted to the description of our model and 
method. Results are shown and discussed in Sec. III. Con¬ 
cluding remarks are given in Sec. IV. 


II. MODEL AND METHOD 

Let us consider the STA with nn interaction. The ground 
state (GS) is characterized by a planar spin configuration 
where the three spins on each triangle form a 120° structure 
with either left or right chirality. Thus, the GS degeneracy is 
twofold in addition to the global rotation. The Hamiltonian is 
given by 

h=j'2 j S,.S, (1) 

>i 

where S, denotes the classical Heisenberg spin of unit length 
at the ith site, J(>0) is the interaction between two nn spins, 
and the sum runs over all nn pairs. The Hamiltonian (1) has 
been used in previous MC simulations 3-5 which all give the 
same critical exponents within statistical errors: v=Q.59 
±0.01, £=0.28±0.02, y= 1.25 ±0.03, and a=0.40±0.01. 

Following Azaria et al. 10 we take the continuum limit at 
each triangle by putting the three spins at its center. In doing 
so for all triangles, we generate a new superlattice [see Fig. 
1(a)]. In the NLS model, the local rigidity was assumed, i.e., 
the sum of the three spins on each triangle is set to 
zero. 8-10,13 The resulting model is a system of triads each of 
which is defined by the three orthogonal unit vectors 
e,(x)(i = 1,2,3) which replace the spins at the center of the 
xth triangle in Fig. 1(a). The original spins at the xth triangle 
are obtained by a linear combination of e,(.v)(i = 1,2,3). The 
system of triads is shown in Fig. 1(b). Note that the third 
vectors e 3 (x) which are perpendicular to the figure sheet are 
not shown for clarity. Since there is no more frustration by 
geometry, one can take indifferently ferromagnetic or antifer¬ 
romagnetic interaction between nn triads with the following 
Hamiltonian 

//,= -X 2 K,{x,y)e,(x).e,{y), (2) 

i= 1,2,3 

where K,(x,y) is the interaction between the two ith unit 
vectors sitting at the nn, xth, and yth, triads. The original 
STA is now transformed into a triad system which is defined 
on a simple cubic lattice. Strictly speaking, the STA corre- 
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FIG. 1. (a) The continuum limit of the ground state of the STA is taken by 
putting the spins on each triangle at its center (b) system of triads which is 
equivalent to the Heisenberg STA with local rigidity. The third unit vectors 
perpendicular to the figure sheet are not shown. 


sponds to the case where the interactions between one of the 
unit vectors, say e 3 (t), are zero. 10 We will consider in this 
paper not only this case but also the symmetric case where 
all K,(x,y) are equal. Since the interactions in (1) are site 
independent, all interactions for the triad system are also site 
independent, i.e., K,{x,y)=K,. 

Before showing our results, let us emphasize that the 
model considered in this paper is equivalent to the Heisen¬ 
berg model on the STA only within the so-called local rigid¬ 
ity condition. 

The method used here is the histogram MC technique 
which has been recently developed by Ferrenberg and 
Swendsen to study phase transitions. 11,12 The reader is re¬ 
ferred to these papers for details. In our simulations, we use 
a simple cubic lattice of linear size 1 = 10,12,14,16,18,20 
sites with periodic boundary conditions. In general, we dis¬ 
carded 500 000 MC steps per triad for equilibrating and cal¬ 
culated the energy histogram as well as other physical quan¬ 
tities over 1-2 M MC steps. We first estimate roughly the 
transition temperature T 0 at each size and calculate at T 0 the 
energy histogram as well as the following quantities: 


W 2 )-(£) ! ) 

^ Nk B T- ’ 

(3) 

N((0 2 )-(0) 2 ) 

{X) k B T 

(4) 

((0)') = (0E)-(0)(E), 

(5) 

((9 2 )') = (O 2 £)-(0) 2 (E), 

(6) 

((1 aO)>^-(£), 

(7) 

((In 0 2 )')=^y-(£>, 

(8) 


4 6 |-!-r-i ' 1 <T 


A 

O < 2 
s 

V * 


3 6 


3 4 


3 2 


24 25 26 27 28 2 9 3 

Ln L 


FIG. 2. ((In O)') vs hiL. The slope is l/v=2.08. 


(£ 4 ) 

(9) 

(O 4 ) 

(10) 


(ID 


where E is the internal energy of the system, T the tempeia- 
ture, O the order parameter, C the specific heat per site, x the 
magnetic susceptibility per site, U the fourth-order cumulant, 
V the fourth-order energy cumulant, (...) means the thermal 
average, and the prime denotes the derivative with respect to 
(3=l/(k B T). Using the energy histogram at 7’ 0 , one can cal¬ 
culate physical quantities at neighboring temperatures, and 
thus the transition temperature at each size is known with 
precision. 11,12 

III. RESULT 

Let us show the results for the two following cases. 

A. K 1 =K 2 =K, K 3 = 0 

The system in this case is equivalent to the STA with 
local rigidity. The transition is found of second order. Using 
the finite size scaling for the maxima of (C), (\), ((In O)'), 
etc. 11,12 we obtained the critical temperature for the infinite 
system which is 7’ c («»)=1.5325 ± 0.0020. The exponent v can 
be obtained from the inverse of the slope of ((In O)') [and 
((In 0 2 )')J versus ln L . This is shown in Fig. 2 where ^=0.48 
±0.05. The critical exponents y and (3 are obtained by plot¬ 
ting ln(0) and (ln(*)) vs In L, respectively (not shown here). 
They are /?=0.22±0.04 and y=l.1510.07. These exponents 
are completely different from those of the original STA 
(without local rigidity) (see values of exponents given in the 
preceding section). They are also different from those of the 
9(4) universality class which are n=0.74, /?=0.39, y=1.47. 

There are two things we learn from these results: (i) the 
local rigidity changes the nature of the phase transition; (ii) 
when one starts with the local rigidity, one does not find the 
scenarios predicted by the NLS model in 2 +e expansion. 10 It 
means that the subsequent approximations used in the theo¬ 
retical calculation, 10 for instance, the continuum limit per¬ 
formed at some steps, may alter the nature of the transition 
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FIG. 3. Energy histogram P(E ) for £ = 12 at T =2.3080 (diamonds), for 
£ = 14 at T =2.2970 (crosses), and for £ =20 at £=2.2904 (squares). Bimo- 
dal distribution characteristic of first-order transition is seen. E is internal 
energy per unit vector e,(.v)(i= 1,2,3) 

found by MC simulation for the discrete lattice system. We 
believe that the continuum limit used in the NLS model ex¬ 
cludes possible topological defects which can change the 
transition nature. 

B. Ki=K 2 =K 3 =K 

In this case, we find a strong first-order transition. This is 
unexpected since the symmetry of the Hamiltonian is invari¬ 
ant with respect to the previous case. We show in Fig. 3 the 
energy histogram P{E) performed for several lattice sizes at 
the transition temperature of each size. The bimodal distri¬ 
bution characteristic of a first-order transition is seen. The 
two maxima, which are separated by a continuum for small 
sizes, show a real discontinuity between them for L =20. 
Note that for L=20 the two maxima do not have the same 
height because the temperature at which the simulation was 
performed is not precise!'' the transition temperature. An¬ 
other signature of the first order is the fact that the energy 
cumulant (V) does not tend to 2/3 at the transition for in¬ 
creasing size as it should be in a second-order transition. 
Instead, it decreases with increasing size to reach the value 
of 0.628 for L =20. The maxima of (C) and (\) vary as L 3 , 
providing another evidence of the first-order character. De¬ 
tails will be shown elsewhere. 


At this stage, it is interesting to note that there should be 
a critical value of K 3 between 0 and 1 where the transition 
undergoes a crossover from second to first order. The deter¬ 
mination of this tricritical point is left for a future study. 

IV. CONCLUSION 

Here we have studied a system of interacting triads 
which is equivalent to the STA if one neglects local fluctua¬ 
tions by imposing a local rigidity on all triangles. In the case 
which is equivalent to the Heisenberg STA (K l =K 2 =K, 
K 3 =0), we do not find the same critical exponents as those 
found for the STA. It means that the local rigidity changes 
the nature of the transition. The obtained critical exponents 
are, in addition, different from those of 0(4) found in the 
NLS calculation. We think that during the successive trans¬ 
formations of the initial STA to build the NLS model, 10 some 
ingredients may have been lost, though the system symmetry 
is preserved. In the case where K l =K 2 =K 3 =K, we find 
that the transition is unexpectedly of first order, though the 
symmetry of the system does not change with respect to the 
case where Ky =K 2 =K, K 3 = 0. We hope that this work will 
stimulate further theoretical investigations on the nature of 
phase transition in helimagnets. 
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Critical behavior of the random Potts model 
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The phase transition in the continual random n -component Potts model is studied by the 
renormalization group method. It is shown that for the three-dimensional model and n-3 the phase 
transition is to be of the first order. In the case n=2 which corresponds to the random Ising model 
the stable fixed point exists as early as in the one-loop approximation of renormalization group 
equations. 


In the Potts model each lattice site can be in one of n 
possible states. The energy of interaction between neighbor¬ 
ing sites is equal to eg for the sites being in the same states 
and to ej>?o in the opposite case. The Landay theory pre¬ 
dicts the first-order phase transition due to the third-order 
vertex in the Hamiltonian of continual Potts model with ten¬ 
sor order parameter. On the other hand, it was shown in Refs. 
1 and 2 that the strong fluctuations can lead to continuous 
transition in pure Potts model. 

The static point defects which do not cause the matrix 
ordering in their localization lead to the local change of the 
effective Hamiltonian constants. One of the most simple de¬ 
fects is the defectlike “random temperature,” but there are a 
number of situations where coupling constants may vary in a 


random way. In general, the third- and the fourth-order ran¬ 
dom potentials should be included in the reduced Hamil¬ 
tonian. In this paper, we shall consider the critical behavior 
of continuous analogy of the random lattice Potts model and 
take into account local changes of all effective parameters in 
Hamiltonian. 

Earlier it was shown that ft" ‘ne random P-model (the 
system with symmetric norn ^.nal and traceless tensor or¬ 
der parameter) its critical behavior was experimentally un- 
distinguishable from pure model. The reason for it is that the 
stable fixed points of renormalization group equations in ran¬ 
dom and pure systems are located very closely to each other . 3 

For the model we consider the Hamiltonian has the 
form : 4 


H= — f V 2 (qiq2)Ga/3(qi)Ca/3(q2) +: vi" f )Qpy(<k)Qay(<l3) 

2! Jq,q 2 J q 1^213 

+ 77 f j'4(qiq2q3q4)C«M < ii)i2aM t i2)2y«(fl3)i2^(q4) + 7T f ^(q^q.^) 

4! Jq,q 2 qjq 4 + -^21314 

X0a/)(qi)(3/3y(q2)Gy«(q3)0«5«(q4)- 


Here Q a p( q) is the Fourier transform of symmetric, diagonal, 
and traceless tensor of rank n, f ij =fd d q/(2Tr) d . v 2 ,v 3 ,v^ are 
the random fields for which we suppose the translational 
invariance of all averages and the absence of the long-range 
correlations. The average value of v is transformed according 
to the full space group of the system without impurities and 
can be obtained by the averaging over a probability distribu¬ 
tion of fields v in the Hamiltonian 

(^ 2 (qiq 2 )> = ('' + 9i)^(qi + q 2 ), 

<^2(qiq2q3)) = 55(qi + q 2 + q 3 ), 

< *- 4 (qiq2q3q4)) = C <5(q, + q 2 +q 3 + q 4 ), 

(*>4(qiq2q3q4)) = u 5(q, + q 2 + q 3 + q 4 )- (2) 

The renormalization group transformation change also aver¬ 
ages (Si'Sv) as well as parameters B, C, and U. Here Sv 
denotes the deviation from the translation invariance v=v 
+ Sv. In the three-dimensional space it is necessary to con¬ 
sider the following cumulants: 


(£*' 1 (qiq2)£'';(q3q4)> = ‘Mqi + q 2 +q3+q4), 

S (A,, ,Agg ,A,.0 ,A,c ,A r (/). (2) 

The functions B(T)=T 3 and C(T) = (i is a number of the 
fourth-order invariant) are the irreducible vertices at zero 
momentum for the Hamiltonian (1). Besides those vertices 
there are a number of effective impurity vertices: the vertex 
A r , has the same dimension as r 4 , the vertex A, fi is equiva¬ 
lent to the fifth-order invariant in the Hamiltonian, and ver¬ 
tices A BB ,A rC ,A rU are equivalent to the sixth-order invari¬ 
ant. For the continuous transition all vertices depend on 
correlation radius k by means of the power law 

r k *g k K 2k ~ d ( k - 2) - kri12 , (4) 

where 77 is the Fisher critical exponent. One can obtain the 
Gell-Mann-Low-like equations for dimensionless invariant 
charges g k e(B,C,U, A,,) 

^ = **(*)• (5) 
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TABLE I. The fixed points of renormalization group Eq. (5) for n= 3. 



0(2) 

A + 

A. 

O'(2) 

a; 

A". 

A\ 

AS 

U 

B 2 

0 

2 

18 

f? 

43 

0 

2.27 

0.54 

0.19 

5.64 

0 

C 

3 

20 

4 

5 

16 

0.3 

0.44 

0.33 

1.47 

0 

A „ 

0 

0 

0 

0.03 

-0.12 

0.04 

0.1 

16 

Kb 

0 

0 

0 

0 

0.004 

-0.05 

0.01 

-0.45 

0 

A BB 

0 

0 

0 

0 

0.04 

-0.03 

0.02 

1.43 

0 

Kc 

0 

0 

0 

0 

-0.008 

-0.03 

0.0007 

-0.31 

0 


where /=ln k 2 . For arbitrary n there are eight such equa¬ 
tions. For n= 3 the two fourth-order invariants in (1) are 
connected by means cf equality TrQ 4 =(TrQ 2 ) 2 /2. In this 
case the number of equations is reduced to six, but they are 
still rather complicated. The numerical solution gives the 
fixed points with positive B 2 and C that is summarized in 
Table I. 

The first three fixed points with A=0 earlier obtained in 
Ref. 1, describe the critical behavior of the Potts model with¬ 
out impurities. The fixed point A + is the saddle point while 
the stable point A.. is the stable focus. The Hamiltonian flow 
of renormalization group equations that is going through the 
fixed point A + divides the phase diagram into two parts. 
Flows from the one part are going to the line 01 of the Fig. 1 
on which the first-order phase transition occurs, and flows 
from another—to the fixed point A _, where the second-order 
phase transition takes place. For the random Potts model the 
only one stable fixed point is the A r _. In the real physical 
system the cumulants A, r and A fiB are by definition a posi¬ 
tive definite quantities. The flow lines make it impossible for 
a point that starts in the region with A„>0 to flow after 
renormalization into the region with A„<0 (Fig. 2). Thus, 
the fixed point A r _ is inaccessible to physical systems. 
Hence, the phase transition in the random three component 
Potts model described by the Hamiltonian (1) is the phase 
transition of the first order. It is important to note that the 
fixed point A _ of the pure system is unstable with respect 
only to A bb and A fC . All given fixed points in Table I are in 
the region of values B 2 and C that is stable about condensate 
separation. Presently, results for the continual model are cor¬ 



related with the lattice model mentioned at the beginning are 
discussed. By means of functional integration, the lattice 
model may be presented as a field theory with a nonpolino- 
mial interaction potential in which all bare constants are con¬ 
nected. It is not obvious that the expansion up to the fourth- 
order invariants in (1) is sufficient to describe the phase 
transition in a lattice model. However, if that is the case then 
Hamiltonian (1) will correspond to the lattice model only 
with the definite correlations between the bare parameters in 
(1). After that the critical behavior of a lattice model will 
described only by the same phase flow of renormalization 
group equations. Probably, this flow line will go near the 
fixed point A _ or A j. In this case, one can obtain the critical 
exponent of susceptibility y from equation 


l-y-' = 


rr + 1 
~ 3 ~ 


C- 


3 (n — 2) 
2 n 


B 2 - 2A 


rr > 


( 6 ) 


Therefore y=1.3. If the flow line passes near A + or A+ , then 
y=0.6. In order to investigate the critical properties for n>3 
one has to solve eight equations like (5). This problem is 
rather complicated in comparison with the three-component 
system. Therefore, we will discuss only impurities of “ran¬ 
dom temperature” type, i.e., A^O. In this regime the un¬ 
stable fixed point for n =4 and the stable fixed point for n >5 
with B 2 , U> 0, and C,A rr <0 could be obtained. There are 
not stable fixed points in the physical region with B 2 ,A rr >0. 

If we take B=0 in the Hamiltonian (1) and consider the 
limit n-*& (in this case, the condition TrQ =0 becomes ir¬ 
relevant), then the stable unphysical fixed point with U =1/ 
12, C= l/(4/j), A rr = —1/48, and the stable fixed point U= 1/ 
6, C = 1/(2 n), A„=0 appear. The latest point describes the 
critical properties of the spherical model with cubic anisot¬ 
ropy. Calculating the exponent y for it 



FIG. 1 Flow diagram for pure model, n= 3. 


FIG 2. The fixed points on the (B 2 ,A„) plane for n=3. 
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1-y' 1 =\C+U, 

we have y=3/2. In the three-loop approximation the stable 
fixed point is equal to nC =0.480, U= 0.176, A rr =0, and 
y=1.43. It happens that in the zero order to 1 In the renor¬ 
malization group equation for vertex U and the critical ex¬ 
ponent 7] depend only on U, so the value of 77 for the spheri¬ 
cal model with cubic anisotropy is equal to 77 of the Ising 
model. The same results were obtained in Ref. 5 where the 
perturbation theory on vertex C was used. Note that if one 
can take only C +0 in the Hamiltonian (1) (spherical model) 
then the well-known result in three-dimensional space 7 = 2 
follows. The limit of large n considered here is of conse¬ 
quence with the statement that for and d >2 the inter¬ 
action of fluctuations C disappears while the value nC re¬ 
mains finite and the expansion over 1 In can be effective. 

The case n =2 that corresponds to the Ising model is the 
subject of special interest. Here, the third-order vertex B 
does not influence the critical behavior, and corresponding to 
it, charge g 3 drops out of Eqs. (5). This circumstance follows 
from thi symmetry of the Potts model for n= 2. Besides, 
here as well as for n=3, there is only one fourth-order in¬ 
variant in ( 1 ), so the total number of variables is reduced to 
three: C and two cumulants A rr and A rC . If A, c =0, Eqs. (5) 
are degenerated in the one-loop approximation and do not 
have nontrivial solutions. There is no degeneracy in the two- 
loop approximation, but at the same time the fixed point 
describing the critical behavior in the pure Ising model is 
absent. The pure and random fixed points appear only in the 
three-loop approximation . 6 Assuming that A rC #0, one can 
get nontrivial random stable fixed point even in the one-loop 
approximation: C=0.390, A rr =0.051, A rC =-0.002. Using 
( 6 ) it is easy to find susceptibility exponent 7 . Other critical 
exponents are expressed through 7 and 77 with the help of the 


scaling relation laws. One can use two approaches in order to 
find the value of 7 in the three-dinr'nsional renormalization 
perturbation theory: (i) to substitute into ( 6 ) the fixed point 
coordinates and to reverse the obtained value; (ii) on the first 
inverse Eq. ( 6 ) and to expand 7 as a series of C and A rr , then 
the fixed point coordinates into obtained expressions are sub¬ 
stituted. As a result, we find for 7 and the heat capacity 
exponent a the following values, calculated in the following 
ways, respectively: 7 = 1 . 4 , a=-0.1, and 7=1.29, a=0.07. 
Higher-order terms of perturbation theory (it is necessary to 
consider the three-loop approximation) lead to the small in¬ 
crease of 7 and can essentially change the ulue of a. Even 
in the one-loop approximation, two ways of calculations give 
the opposite signs of a. Hence, the obtained results do not 
allow to estimate reliably estimate the value of the random 
exponent a. It is a very reasonable possibility that this cannot 
also be made in the three-loop approximation as it was 
shown in Ref. 6 for the “random temperature” impurities. 
Using Harris’ arguments 7 it is possible to show that two dif¬ 
ferent kinds of the disorder variables A rr and A rC do not 
change the statement 6 that critical exponent a must be nega¬ 
tive. 
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Influence of exchange bond disorder on the magnetic properties of 
(Pd 1 _ x Fe x ) 95 Mn 5 near T c 

Z. Wang, X. Qi, H. P. Kunkel, and Gwyn Williams 

Department of Physics, University of Manitoba, Wnnipeg, Manitoba R3T 2N2, Canada 

A summary of a detailed study of the field and temperature dependent ac susceptibility of a series 
of ternary (Pdj-^FeJ^Mns alloys near the ferromagnetic ordering temperature T c is presented. By 
following the behavior of the crossover line (a line of maxima in the field dependent susceptibility 
above T c , the maxima moving upwards in temperature but decreasing in amplitude with increasing 
field) it is possible to catalog the influence of exchange bond disorder on aspects of the critical 
behavior. These ternary systems are not soft ferromagnets and thus asymptotic critical exponents are 
difficult to estimate using this technique. Nevertheless, effective exponents (i.e., obtained away from 
the critical point) clearly reflect the presence of significant variance in the distribution of exchange 
bonds. 


I. INTRODUCTION 

(Pdj.^Fej.) (0.01=Sx<0.25) is a well-known 
ferromagnet 1 and Pd 95 Mn 5 is a spin glass. 2 In the frequently 
referenced approach 3 in which the exchange bond distribu¬ 
tion that exists in such metallic systems is approximated by a 
Gaussian, the mean value of this distribution thus exceeds its 
variance in the former system, while in the latter this in¬ 
equality is reversed. 

Binary Pd^Fe* (x=0.014-0.016) is a nearly ideal ex¬ 
ample of a soft ferromagnet. 1 Internal fields as low as H,-i 
Oe are capable of revealing structures normally associated 
with critical fluctuations at a second-order phase transition, 
and a detailed analysis of this structure yields critical 
exponents 1 (y=1.36±0.03, /?=0.39(5) ±0.015, 5=4.5 

±0.15) close to the values predicted by the isotropic, three- 
dimensional Heisenberg model 4 using renormalization group 
techniques (y= 1.386, /?=0.365, 5=4.8). Binary Pd]_ x Mn^ 
(x 5=0.05) is a spin glass, characterized by a divergence in the 
nonlinear susceptibility 5,6 (the associated exponents having 
been most recently reported 6 as y=2.0±0.2, /3=0.9±0.15, 
5=3). Ternary (Pd! _^Fe_ t ) 95 Mn 5 (x=0.0035) remains 7,8 as 
one possible example of a system exhibiting sequential phase 
transitions following detailed studies, 8 viz. near T c ~9 K the 
field- and temperature-dependent susceptibility exhibits fea¬ 
tures associated with critical fluctuations near a second order 
paramagnetic to ferromagnetic transition (but with some in¬ 
dication of the influence of variance in the exchange bond 
distribution), while at lower temperatuie, T SG =4.1 K, the 
nonlinear response displays a marked (but not divergent) 
anomaly. 

Here we present a summary of comparable measure¬ 
ments on ternary (Pd!_ x Fe^) 95 Mn 5 . At rather higher Fe con¬ 
centrations (x=0.016-0.022), these samples have corre¬ 
spondingly higher ferromagnetic ordering temperatures, and 
the “reentrant” transition is also suppressed. For this reason 
we have focused attention on the detailed behavior of the 
field- and temperature-dependent response near T c , and on 
the influence exerted on this response by the exchange dis¬ 
order expected in such systems. 


II. EXPERIMENTAL DETAILS 

Samples were prepared individually in an argon arc fur¬ 
nace from high purity starting materials using a well- 
established sequence of inverting, remelting, cold rolling, 
and annealing steps, 1,9 to ensure homogeneity. Field- and 
temperature-dependent ac susceptibility data were collected 
continuously using a previously described 1 phase-locked sus- 
ceptometer on samples of typical dimensions (17X2X0.1) 
mm; 3 both the ac excitation field (50 m Oe rms at 2.4 kHz) 
and static biasing fields up to 1 k Oe were applied along the 
largest specimen dimension. The data were corrected for 
background and demagnetizing effects, as described 
previously. 1 

III. RESULTS AND DISCUSSION 

Figure 1 reproduces the zero-field susceptibility in bi¬ 
nary Pd-1.6 at. % Fe [Fig. 1(a)], and in ternary 
(Pd 1 _ A Fe 1 .) 95 Mn 5 (x=0.0035 [Fig. 1(c)] and 0.016 [Fig. 


0 50 



FIG 1. The zero-field susceptibility x(0,T) (m emu/g) plotted against tem¬ 
perature (in K) for (a) Pd t-1.6 at. % Fe, (b) (Pd+1.6 at. % Fe) 95 Mn 5 , and 
(c) (Pd+0 35 at. % Fe) 95 Mn 5 . 
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FIG. 2. The susceptibility x(H,T) (in emu/g) plotted against temperature T 
(in K) for (Pd+1.6 at. % Fc) 9 5 Mn s ; the numbers marked against each curve 
are the estimated, superimposed (internal) fields H t (in Oe). The dashed line 
represents the crossover line. 


1(b)]), so that the general features of the behavior of these 
systems can be compared and contrasted. While the charac¬ 
teristic structure usually associated with reentrant behavior is 
evident in Fig. 1(c), the lower (reentrant) transition is sup¬ 
pressed in both binary and ternary samples with higher Fe 
concentration. Nevertheless, as is clear from a comparison of 
Figs. 1(a) and 1(b), the ferromagnetic ordering temperature 
T c is lowered by the addition of Mn. Figure 2 details the 
influence of superimposed static biasing fields on Fig. 1(b) 
near 40 K; such fields suppress the principal (Hopkinson) 
maximum enabling a secondary peak structure to be ob¬ 
served. These latter peaks decrease in amplitude and move 
upwards in temperature as the applied field increases; they 
are a characteristic signature 1,10 of critical fluctuations at a 
second-order paramagnetic to ferromagnetic transition, and 
their locus defines the crossover line. 10,11 In terms of the 
usual 12 scaling law expression for the field (/i) and tempera¬ 
ture ( t ) dependent susceptibility x(h,t) 

Xih^r^jb) =h (US) -'G^j^, ( 1 ) 

[with h~H,IT c and t=(T-T c )/T c in the usual notation], 
the temperature T m of these critical (secondary) peaks varies 
with fields as 1,10 

1 m = (T m ~ T c )/T c <x^jrj , ( 2 ) 

while the critical peak amplitude x(h,t m ) behaves as 

X(h,t m )«h lis ~ l . (3) 

Equations (2) and (3) along with the more conventional de¬ 
pendence of the zero-field susceptibility on (reduced) tem¬ 
perature above T c , viz: 
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FIG. 3. The peak susceptibility x(H,T m ) (in emu/g), taken from data similar 
to that shown in Fig 2, plotted against the internal field H, (in Oe) on a 
double logarithmic scale for (Pd 1 . I Fe T ) 9 5 Mn 5 , with x = 1.6 at. % Fc (•), 1.8 
at. % Fe (A), 2.0 at. % Fe (▼) and 2.2 at % Fc (■). The lines drawn yield 
the i5*(//) values listed in Table I. 

*(o ,t)«r y , (4) 

have provided the basis for a detailed analysis of the critical 
behavior in a variety of systems. 1,10 

Here, however, two factors conspire to preclude such a 
detailed analysis; (a) fields in excess of //,=15 Oe are re¬ 
quired initially to resolve critical peak structure, and (b), 
even when these peaks are resolved they are considerably 
broader than those in the corresponding binary Pd^Fe, 
samples. The influence of point (a) can be seen in Fig. 3 
which tests Eq. (3) via a double logarithmic plot of the peak 
susceptibility x{HJ m ) (evident in Fig. 2) against internal 
field (//,); in the case of the 1.6 and 1.8 at. % Fe samples the 
line drawn at low field corresponds to the 3D-Heisenberg 
model value of 5=4.8 while the higher field slope yields an 
effective exponent 5*(//)~3 (the mean-field value). This fall 
in the effective exponent S *(//) with increasing field is well 
cataloged 1,10 in systems with exchange bond disorder. The 
field dependence of the effective exponent <5*(//) is not so 
evident in the 2.0 and 2.2 at. % Fe specimens as even larger 
fields H 0 (listed in Table 1) are required to resolve critical 
peak structure in them. 

Figure 4 tests the predictions of Eq. (2) and also illus¬ 
trates the difficulties introduced as a result of point (b) 
above. Briefly, in the most favorable cases, 1,10 t m can be 
plotted against H t on a double logarithmic scale, the slope of 
which yields the crossover exponent (y+P). Here the diffuse 
nature of the critical peaks renders this procedure inappro¬ 
priate since T m (and hence /„,) cannot be established with 
sufficient accuracy. The best that can be done is a linear plot 
of the peak temperature T m against (//,) 057 ([y+/?]~ ,= 0.57 
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TABLE I. A compilation of parameters deduced from ac susceptibility data 
on (Pd^Fe^Mnj. 


X 

(at. % Fe) 

T c 

(K) 

V 

(K) 

Ho 

(Oe) 

F(H) 

Low High 

field field 

0.35 

9.3±0.02 

7.5 ±0.03 

3 

4.1 ±0.1 

4.1±0.1 

1.6 

38.0+0.2 

61.5±0.2 

15 

4.8 ±0.2 

3.0±0.2 

1.8 

41.6+0.3 

69.1 ±0.2 

25 

4.8±0.4 

3.0±0.2 

2.0 

44.9+0.5 

75.4±0.3 

28 

3.7±0.4 

3.0±0.2 

2.2 

47.9+0.5 

80.6±0.5 

35 

3.0±0.2 

04 

O 
+ 1 
o 


a For the corresponding binary (Mn free) PdFe sample (Ref. 1). 


for Heisenberg model exponents), which indicates that these 
data are generally consistent with such model exponents 
within the rather appreciable scatter evident here. The inter¬ 
cept from such plots yields the T c estimates listed in Table I. 

Further effects of exchange bond disorder are provided 
in Fig. 5 where, rather than to test Eq. (4) directly, the effec¬ 
tive Kouvel-Fisher susceptibility exponent 13 

y*(t) = dln[ X (0,t)]ldln(t) (5) 

is plotted against t for the 2.0 at. % Fe sample. The non¬ 
monotonic variation of this effective exponent with 
temperature—specifically the peak in y*(r) above T c near 



FIG. 4. The susceptibility peak temperature T m (in K) plotted against inter¬ 
nal field H , (in Oe) raised to the power (y+/3) '=0 57 Symbols are the 
same as those used in Fig. 3. 



FIG. 5. The Kouvel-Fisher effective susceptibility exponent y*(r) plotted 
against reduced temperature t for the (Pd+2.0 at. % Fe) 9 5 Mn s specimen. 

f=0.16—is well documented in systems with bond 
disorder, 1,10,14 confirming the conclusions drawn from the 
data shown in Fig. 3. 

IV. SUMMARY 

A detailed study of the field- and temperature-dependent 
ac susceptibility near the ferromagnetic ordering temperature 
T c in (Pd!-jFeJyjMny indicates a significant suppression in 
the value for T c following the addition of Mn. Within the 
framework of an S-K like model, 3 this represents a marked 
reduction of the mean value/second moment ratio for the 
exchange bond distribution. The field and temperature de¬ 
pendence of the effective exponents S*(H) and y*(t) indi¬ 
cate that this distribution retains a substantial width/second 
moment although the width cannot exceed the mean value as 
the reentrant transition is suppressed. 
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Magnetic transitions at high fields in (Fe,Mn) 3 Si alloys 
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In the series of ordered D0 3 solid solutions Fe 3 _ jr Mn i Si, field-induced transitions have previously 
been found to occur for antiferromagnetic alloys with values of x near 1.70. The present work has 
determined a region of composition in which antiferromagnetism is the low-field, low-temperature 
state and gives the variation of the critical field as a function of temperature and composition. The 
critical field decreases approximately quadratically with temperature and rises to beyond 6 T in the 
range of composition from 1.6s£x*£l.8. Neutron diffraction indicates that the antiferromagnetic axis 
is shifted from the [111] direction and that in a 5 T field the antiferromagnetic component of the 
scattering is reduced considerably from that in zero field. However, no corresponding increase in 
ferromagnetic component is observed within experimental error and Arrott plots suggest the 
high-field state is still largely antiferromagnetic. 


I. INTRODUCTION 

Fe 3 Si and Mn 3 Si are known to form solid solutions with 
the D0 3 ordered structure. The substitution of Mn for Fe in 
forming the series Fe 3 _ ;t Mn Jr Si results in a selective site oc¬ 
cupation which has been fully described in earlier papers. 1 ' 2 
The present paper is concerned with the magnetic properties 
of the compounds in the compositional range 1.6^^ 1.8. 
These properties derive from the occupation of the A and C 
sites by Mn atoms, the B site being already fully occupied. 1 
Magnetization studies show that the zero field magnetization 
<t 0 ,r for these compounds decreases below a “reorientation 
temperature” T R (~65 K) to give a smaller saturation mag¬ 
netization (r 0 0 . The previous work has shown that cr p0 is zero 
at x = 1.70 beyond which antiferromagnetism is the low tem¬ 
perature, low-field state. The present work stems from the 
observation 2 that for the alloys with x =1.70 and 1.75 a field- 
induced transition from antiferromagnetism to another mag¬ 
netic state occurs at temperatures below T R . We have ex¬ 
tended this work considerably to determine the alloy 
compositions for which this transition occurs (i.e., for which 
antiferromagnetism is the low-temperature, low-fiela state) 
and the variation of the critical fields as a function of tem¬ 
perature and composition. We have also attempted to deter¬ 
mine the high field magnetic state of the compounds by com¬ 
paring the neutron diffraction patterns in zero field and in a 
field of 5 T as a function of temperature, as well as examin¬ 
ing the Arrott plots. 

II. EXPERIMENTAL DETAILS 

The material used for this investigation was prepared in 
an identical manner to that employed in the earlier 
examinations. 12 The new material consisted of alloys with x 
having values of 1.60, 1.625, 1.65, and 1.80. X-ray exami¬ 
nation of the alloys indicated all to be single phase alloys. 
The quenched samples in powder form were examined in 
field up to 12 T using the Manchester and Salford Vibrating 
Sample Magnetometer facility over the temperature range 
2-300 K. Data acquisition is by microprocessor control in 
which at a given temperature the field is swept automatically 


from 0 to 12 T and back to 0 within •'bout 20 min. The 
critical field was taken to be that at which the differential 
susceptibility da/dH was a maximum. Neutron diffraction 
measurements as a function of field and temperature were 
obtained at the HFIR Reactor, Oak Ridge National Labora¬ 
tory using a wavelength of 1.42 A. 24 h isothermal scans 
were normally employed with the field applied vertically, 
perpendicular to the scattering vector. Rietveld plots were 
obtained above the magnetic ordering temperatures allowing 
the site occupations and compositions to be refined. 

III. RESULTS 

The determination of the composition at which <r 00 be¬ 
comes zero was made more difficult by the observation that 
for x = 1.60 and 1.625 the low-temperature properties of the 
alloys (in common with those of alloys having smaller values 
of x (Ref. 1) are dependent on previous magnetic field his¬ 
tory. Since a demagnetizing facility was not available mag¬ 
netization measurements at each temperature were obtained 
only after cooling in zero field from the paramagnetic state. 
Following this procedure it was established that cr 0i0 is zero 
for x= 1.60 and 1.625, although as indicated in the inset to 
Fig. 1, a magnetic measurement produces a large remanent 
moment in these cases which is associated with the transition 
fields being very small. Such effects are not observed for 
*>1.65. A typical field transition is shown in Fig. 1 for the 
alloy with a: = 1.80. The transition occurs over a wide range 
of field and is accompanied by considerable hysteresis at the 
lowest temperatures suggesting a first-order phase transition 
and possibly a large magnetostrictive effect. It is possible 
therefore to define two critical fields. At the lowest tempera¬ 
tures the difference between these two fields is often large, of 
the order of 1 T. At low fields the magnetization increases 
linearly with field as expected for an antiferromagnetic ma¬ 
terial but above the transition the observed curvature sug¬ 
gests an unsaturated state. The variation of the mean critical 
fields with temperature and composition is illustrated in Fig. 
2 where a quadratic decrease with increasing temperature is 
seen (the results for x- 1.75 are included for comparative 
purposes). The solid lines are a fit to H* = (l-T* 2 ) where 


J. Appl. Phys, 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6359/3/$6.00 


© 1994 American Institute of Physics 6359 


I 





H [ O ] 


FIG. 1. Typical variation of magnetization with applied field at several 
temperatures below T R for Fe 12 oMn !80 Si inset: low field data at low tem¬ 
peratures for * = 1.6G and * = 1.625. 

the asterisks indicate reduced critical fields and temperatures, 
i.e., H*=H C (T)/H C (Q) and T* = T/T R . Arrott plots were 
obtained both above and below T R . Figure 3(a) shows that 
for *=1.8 above T R the intercept on the HI a axis ap¬ 
proaches the origin as the temperature falls towards the or¬ 
dering temperature. Information on the high-field state below 
T r is provided by the Arrott plots shown in Fig. 3(b) for 
which the intercept on the HI a axis retreats away from the 
origin as the temperature continues to fall. This behavior has 
recently been shown to be characteristic oi an antiferromag¬ 
netic state 3 and will be discussed below. The situation for the 
other alloys is complicated by the appearance of a ferromag¬ 
netic region in a narrow temperature range above T R . This is 
also reflected in the Arrott plots of those materials. Table I 
gives the approximate values of T R and T c versus *. 

Neutron diffraction was carried out on the alloy with 
* = 1.65 at the following temperatures and fields: 130 K and 
zero field in the paramagnetic regime; 80 K and zero field in 
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FIG. 2. Mean transition field vs temperature for the alloys discussed in this 
paper. Data for * = 1.75 is included from Ret. 2 for comparative purposes. 
The solid lines are fits to the data using H C (T)IH C (0) = [1-(TIT R ) 2 ]. 
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FIG. 3. Arrott plots for Fe t 2 o M n 18 oSi (a) above T R and (b) below T R . 


a regime where the alloy is weakly ferromagnetic; 4.2 K and 
zero field where the alloy is antiferromagnetic; 4.2 K and 5 T 
at which field the transition to another magnetic phase has 
occurred. For the results from the paramagnetic regime (130 
K) the composition and site occupations were refined by a 
Rietveld plot which included parameters taking into account 
a small preferred orientation. The refined composition corre¬ 
sponded to *=1.64 and the following site occupation: (A) 
(0.32 Mn+0.68 Fe), (B) Mn, (C) as (A), and (D) Si. Figure 
4(a) shows the results in zero field at 4.2 K and this is com¬ 
pared with the equivalent results in a field of 5 T in Fig. 4(b). 
The very small peaks in Fig. 4 were not observed at 130 K 
and indicate the antiferromagnetic order. 


TABLE I. Approximate values of T R and T c vs * for the series 
Fcj-^Mn^Si. 


X 

T jt 
(K) 

Tc 

(K) 

1.60 

60 

125 

1.625 

60 

118 

1.65 

60 

80 

1.70 

60 

75 

1.75 

65 


1.80 

65 



6360 J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Al-Kanam ef a/. 







FIG. 4. Fe 135 Mn 163 Si neutron diffraction patterns at 4.2 K with (a) H = 0 
and (b) H=S T. 

IV. DISCUSSION 

The remarkable feature of Fig. 3 is the observation that 
below T r the Arrott plot intercepts on the HI a axis retract 
from the origin. It has recently been shown using the Landau 
theory of phase transitions 3 that such behavior is character¬ 
istic of systems with coupled antiferromagnetic and ferro¬ 
magnetic components with T N <T C and theoretical curves 
similar to those in Fig. 3 have been obtained if is possible 
that the high-field state remains predominantly antiferro- (or 
ferri-) magnetic and that further transitions at even higher 
fields might be expected. The magnetization and neutron dif¬ 
fraction data have previously been shown to be consistent 
with a model in which in the zero field the Mn moments on 
alternate B sites (~2 /z fi independent of x in this range of a:) 
are canted at opposing angles to the magnetic axis and it is 
assumed that at T R these moments “flip” to become parallel 
to the moments on A and C sites. In the composition range 
considered here the previous neutron diffraction data has in¬ 
dicated that the moments on A and C sites are practically 
zero so that the BB antiferromagnetic interactions dominate 
and indeed become stronger as x increases beyond 1.5. The 


TABLE II. Comparison of the observed structure factors of the superlattice 
lines in 0 and 5 T fields for Fe, 35 Mn, 65 Si. 


1/2 

(hkl) 

Field ON 

i 2 f 2 !f 2 220 

Field OFF 
q 2 F 2 IFl l0 

F 2 ohIF 2 oft 

111 

0.007 

0.010 

0.70 

311 

0.055 

0.091 

0.60 

331 

0.050 

0.076 

0.66 

511+333 

0.028 

0.041 

0.68 

531 

0.041 

0.073 

0.56 

533 

0.016 

0.042 

0.39 

551 

0029 

0.060 

0.48 


neutron diffraction results in Fig. 4 show that the intensities 
of the superlattice peaks in zero field are much reduced by 
the application of a 5 T field. Since the applied field is per¬ 
pendicular to the scattering vector one might expect that any 
reduction in the aiitiferromagnetic alignment would corre¬ 
spond to the appearance of a ferromagnetic component and 
that this would be reflected in an increase in the scattering at 
the nuclear peaks. The structure factors for the latter are such 
that one would expect the (1 11) line, which contains only the 
contribution from the B site, to be most sensitive to an in¬ 
crease in ferromagnetic alignment but within experimental 
error the intensity remains the same. Table II gives the effect 
of field on the intensities of the superlattice lines showing, in 
general, a reduction to some 57% of the zero-field value. The 
application of a magnetic field alters the basic antiferromag¬ 
netic arrangement but it seems likely that the resultant state 
is another unsaturated one. To explain the observations this 
state must be such as to contribute only very small ferromag¬ 
netic components to the scattering. 

Clearly further work on this most interesting region of 
concentration is required and further neutron diffraction and 
/iSR investigations are planned. 
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The critical behavior of 2D magnetic easy-plane systems has mainly been studied by the classical 
AT model. However, the z components of the spins have to be considered : n order to describe real 
systems, and their fluctuations cannot positively be neglected when quantum effects are to be 
included, quantum spins being intrinsically three-component objects. Therefore, Monte Carlo 
simulations are performed for the Heisenberg ferromagnet with easy-plane anisotropy (.XXZ model) 
on a two-dimensional square lattice with a twofold aim: first, to obtain accurate quantitative results 
about the critical behavior of the classical model, showing the relevant role played by the 
out-of-plane fluctuations; second, to open the way for approaching the quantum thermodynamics by 
i ...s of the effective Hamiltonian method that reduces the quantum thermodynamics of the XXZ 
ferromagnet to the investigation of an effective classical model with temperature-dependent 
renormalized interaction parameters. Specific heat, magnetic susceptibility, and correlation length 
are calculated in the critical region for lattice sizes up to 128X128. These quantities preserve the 
Kosterlitz-Thouless behavior of the XY model. For the transition temperature of the classical XXO 
model we obtain the estimate k B T c /(JS 2 ) =0.69±0.01. 


The two-dimensional XXZ model is described by the 
Hamiltonian 

[(sfsf+rf+^^+xsfsf^]. (i) 

i,d 

The index ;' = (t'i ,i 2 ) labels the sites of a two-dimensional 
Bravais lattice, and d=(d\ ,d 2 ) represents the displacements 
of the z nearest-neighbors of each site. The easy-plane an¬ 
isotropy is represented by the dimensionless parameter X((\| 
<1). For \=0 the above Hamiltonian describes the XXO 
model (also called “quantum XY model”). 

In this paper, we are mainly concerned with the classical 
counterpart of Eq. (1). For our purposes it is sufficient to take 
the spins in Eq. (11 as classical vectors of length S, i.e., 
S,—>S Sj with the classical vectors Si varying onto the unit 
sphere |sj=l. The natural energy scale is then e=JS 2 , so we 
define a dimensionless reduced temperature t-k B Tle. The 
classical XXZ Hamiltonian reads 

[(sy t+l t+s y ,s y , +d ) + Xs 2 t s : l+d ]. (2) 

Z i,d 

This system belongs 1 to the universality class of the planar 
(or XY) model (i.e., s*=0), that is characterized by the 
Berezinskii-Kosterlitz-Thouless 2 (BKT) phase transition at 
f c =0.89. 3,4 The transition is driven by the unbinding of vor¬ 
tex pairs, 5 and its peculiar characteristics are that for t<t c 
the correlation function (Sj-Sj) displays a power law decay, 
~|i-j|~ r/( ' ) , whereas for t>t c its behavior is exponential. 
Moreover, the susceptibility and the correlation length have 
an exponential divergence for t—>t+, although long-range 
order is also absent in the low-temperature phase, i.e., <Sj)=0 
at any T. 

In the case of the XXZ model the out-of-plane compo¬ 
nents s* of the spins can fluctuate and give a f c (\) lower than 


the value for the XY model. In the isotropic limit X-»l the 
transition disappears logarithmically, 1 r c —[—ln(l—X)] _I . 

Kawabata and Bishop 6,7 performed pioneering Monte 
Carlo (MC) simulations of the classical XXZ model, and 
obtained estimates of the transition temperature confirming 
the theoretical asymptotic dependence of f c (\). Their result 
in the XXO limit is r c (\=0)=0.78±0.03. 

As the first step to approach the quantum model by 
means of the effective Hamiltonian, 8 we have reconsidered 
the classical A'A'O model producing accurate thermodynamic 
data and giving a quantitative description of the relevant 
quantities in the transition region. We present here MC re¬ 
sults for the A'A'O model, i.e., for \=0. The MC sample 
consists of a square lattice of L XL classical spins, with pe¬ 
riodic boundary conditions, and we considered lattices with 
L= 32, 64, 128. The simulations were based on single spin 
moves, using a combination of the Metropolis and the over¬ 
relaxed algorithm. 4 The former consists in rotating a single 
spin at random, and accepting the resulting configuration af¬ 
ter the Metropolis test; the maximum amplitude of the move 
is such that 45%-55% of the trial moves are accepted. The 
overrelaxed algorithm 4 is a reflection of the in-plane compo¬ 
nent of one single spin with respect to the in-plane compo¬ 
nent of the resultant of its nearest neighbors; this move 
leaves the energy unchanged and is always accepted. The 
advantage is in the reduction of the MC critical slowing 
down, in spite of the fact that this algorithm is local. One 
MC step is defined as N 0 overrelaxed sequential sweeps 
through the two sublattices whose sites is(j,,j 2 ) have even 
and odd i, + i 2 , plus N M Metropolis random sweeps (i.e., L 2 
randomly chosen spins are moved). For each run the system 
has been equilibrated for 1000 steps with N 0 =0 and N M =2, 
i.e., 2000 Metropolis steps have been employed in order to 
take the system in a typical equilibrium configuration before 
accumulating data. After a preliminary series of test runs we 
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FIG. 1. Specific heat per site c vs reduced temperature t = k B T/e. MC data 
for L =32 (triangles), 64 (squares), and 128 (circles). 



FIG. 2. The in-plane magnetic susceptibility Xxx vs temperature. MC data 
for L =32 (triangles), 64 (squares), and 128 (circles). 


observed that the initial configuration chosen (spins aligned 
along one axis, or random) does not affect the subsequently 
accumulated averages, within the statistical uncertainty, at all 
the temperatures we used. The averages were accumulated 
for 10 000 steps with iV 0 =4 and N M =2. For each quantity 
with measured values Q, at the ith MC step, the average is 
calculated as Q = (Q,) and in order to account for MC cor¬ 
relation effects its variance <j q is multiplied by 2r, where the 
decorrelation MC time r is defined by the fit 
(Q,+ n Qi)-(Q*)~ e ~ nlT - For a *l quantities r turns out to be 
less than 10 for t>t c , and increases by one order of magni¬ 
tude for t<€t c . 

We have calculated the internal energy per spin 
u=L~ 2 (3f), the specific heat per spin 

c=L- 2 (k B T)- 2 ((JV-(JV)) 2 ), (3) 

the magnetization m M =(sf 1 ) ( (i=x,y,z ), the spin-row corre¬ 
lation function 


C /t#i (r) = (5fSf +r ), (4) 

where S f* = , , and the in-plane k-dependent suscepti¬ 

bility 


xr=L 



s?e‘ k ' 


(5) 


which for k =0 gives the magnetic susceptibility Xw The 
correlation length 4 has been obtained in two ways: by 
means of an exponential fit of the spin-row correlation func¬ 
tion (accounting for periodicity, the fitting function is 
cosh[(L/2-r)/^]) and by an Ornstein-Zernicke fit of 
Xk kl ~(k 2 + £^ 2 ) -1 > using the lowest six irreducible values 
of k. The two determinations coincide within the MC uncer¬ 
tainty. 

The results for the specific heat c(t) depend weakly on 
the lattice size L, as it appears from Fig. 1, and do not give 
rise to divergencies. The temperature dependence of the spe¬ 
cific heat shows a peak around r=0.78, similar to the one 
observed in the planar model 3 ' 4 at a temperature t— 1.15l c ; 
then, if the similarity would be quantitatively correct, the 
BKT transition temperature of the XX0 model should be 
expected to be around 4=0.7. 


The finite-size saturation at low temperatures is apparent 
in the data we obtained for the in-plane susceptibility Xxx( l )> 
and the in-plane correlation length 4(0 (Figs. 2 and 3). 
Indeed, when 4 is comparable with L, L becomes the domi¬ 
nant length scale of the system, and the first consequence is 
that the measured 4 is linear in L, i.e., £ X /L is independent 
of L (see Fig. 3). At the same time, these figures show that 
the data at temperatures where 4(0 are smaller than ~LI 3 
are unaffected by finite-size effects, and can be taken as re¬ 
liable estimates of the infinite lattice values. For the 128 
X128 lattice this happens for temperatures larger than 
-0.75. 

As for the direct estimate of the critical temperature, we 
have made use of BKT fits with the trial function 

f(t;a,b,t c ) = ae b(l ~ , ' ) \ (v=l/2). (6) 

Also, the power-law fit, typical of second-order phase tran¬ 
sitions, 

g(t;a t v,t c )=a(t-t c ) v (7) 

has been considered for comparison. In Table I we report the 
results for t c obtained from weighted fits to the data points 
for f 3=0.76 and those for 13=0.78, respectively. The second 
case is reported in Fig. 4. The BKT form (6) appears to be 
superior, both because it displays a more favorable x 2 /dof 
with respect to the power law, and because there is agree- 



FIG. 3. The in-plane correlation length & vs temperature. The data points 
for % X IL show the onset of finite-size scaling when £ X ~L MC data for 
L = 32 (triangles), 64 (squares), and 128 (circles) 
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TABLE I. Results for the critical temperature t c from weighted fits to the 
in-plane susceptibility XxxO) and correlation length £((). MC data for the 
128X128 lattice. Data sets for (5*0.76 and for (5*0.78, with power law and 
BKT fitting functions following Eqs. (7) and (6) in the text, ^/pop repre¬ 
sents the sum of the squared deviations from the fit divided by the number 
of degrees of freedom (DOF). 


Data 

Fit 


^DOF 

Xxx 

power 

0.742 ±0.003 

3.86 

(5*0.76 

BKT 

0.694±0.002 

045 

Xxx 

power 

0.752±0.003 

2.10 

(5*0.78 

BKT 

0.697±0.003 

0.43 

& 

power 

0.721 ±0.004 

3.10 

(5*0.76 

BKT 

0.681 ±0.005 

2.02 

L 

power 

0.727±0.008 

3.24 

(5*0.78 

BKT 

0.679 ±0.011 

2.29 


ment among the values obtained for t c , whereas those for the 
power law are not in agreement. At present, we are comput¬ 
ing more accurate data for giving a final answer about the 
BKT character of the transition, and determining the critical 
exponent v, that here is kept fixed to the BKT value v=Q.5. 
The results for t c obtained through Xxx(0 are more accurate 
since Xxx(0 > s a direct product of the MC simulations. 
Therefore, at present there is good evidence that the classical 
XXO model undergoes a BKT transition at f c =0.69±0.01. 
This value turns out to be much lower than the one (0.78) 
estimated by Kawabata and Bishop. 7 In our opinion their 



FIG. 4. MC data at f. = 128 for the magnetic susceptibility Xxx and the 
correlation length £ x vs temperature. The solid and dashed curves report the 
best fits obtained using Eqs. (6) and (7), respectively (sec also Table 1), with 
the data at tsO.78 (data with open symbols are excluded from the fit). 



FIG. 5. MC data for XxJL 11 * vs L, at different temperatures. Below i c a 
linear behavior with positive slope 1/4- rj(t) is displayed as expected for a 
BKT system. The inset shows the corresponding values of r^O- 

determination suffered from the poorer statistics (N o —0, 
N m = 1, 6000 steps) and the smaller lattice size (L=40). In 
addition, they have extrapolated t c by looking for the cross¬ 
over where the correlation function ceases to be exponential. 
Since the crossover is strongly dominated by finite-size ef¬ 
fects, they got an overestimated t c . 

For t^t c the susceptibility satisfies the finite-size scaling 
relation Xxx~L 2v ^> where the exponent r^t) increases 
with t and should reach the BKT critical value r//t c )-\/4. 
Therefore, in Fig. 5 we report a log-log plot of the depen¬ 
dence of XxxIL 7 4 on £ > n such a way that the dependence at 
t*£t c is linear with a slope that at the critical temperature 
decreases to 1/4- 77 ( 1 ,.)=0. Even though at each t there are 
only three data points, it is possible to roughly estimate i /(f) 
by taking the linear fits shown in Fig. 5. As reported in the 
inset, ?X0 behaves in the expected way; the critical value, 
t?~ 0.25, is indeed reached at about /—0.7, consistent with 
the above estimate of t c . 
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Magnetic anomaly in insulator-conductor composite materials near the 
percolation threshold 
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The effective magnetic permeability of composite materials containing fine iron particles of 1-2 pm 
size is investigated theoretically and experimentally. This permeability is considered due to both the 
ferromagnetic properties of iron and the generation of eddy currents by an alternating magnetic 
field. An analytical result shows that as the percolation threshold is approached, the skin effect in 
large conducting clusters dominates, supnressing the ferromagnetic behavior for any value of 
frequency. As a result of this, the effective permeability tends to become zero near the percolation 
threshold, having a “v” form anomaly. The experimental data for frequencies of 6-10 GHz where 
the skin depth is of the order of a particle size, clearly exhibit a sharp decrease near the percolation 
threshold in the real part of the effective magnetic permeability. We believe this is the first 
observation of a possible magnetic anomaly in a percolating system. 


I. INTRODUCTION 

The study of composite materials has been the subject of 
considerable interest in recent years because of their possible 
technological applications. The mixture of metal and insula¬ 
tor particles with the concentration of metal particles p close 
to the percolation threshold p c at which the system first ex¬ 
hibits a nonzero conductivity has a number of anomalies in 
electrophysical properties. For example, the dielectric con¬ 
stant and the inductance of percolating materials become in¬ 
finite on approaching p c .'" 3 In Refs. 4-6 it has been re¬ 
ported on a divergence in the limit p—>p c (p<p c ) for the 
imaginary part of the magnetic permeability associated with 
eddy currents induced in the system by an alternating mag¬ 
netic field. These investigations have ignored the effects of 
the inductive interactions of currents, however, these effects 
are of predominant importance near p c and allowance for 
them removes the divergence of the magnetic permeability 7 
which tends to become zero at p-*p c ■ 

In the present paper, we investigate both theoretically 
and experimentally the effective magnetic permeability 
Meff = Mdf + 'Meff of a percolating system composed of fine 
iro n particles. The eddy current contribution to /Lt eff becomes 
dominant near p c even if the skin effect in a single particle is 
weak. The reason for this is related to the appearance of large 
conducting clusters in the vicinity of the percolation thresh¬ 
old. The induced magnetic moments of those clusters sub¬ 
stantially supp ess the ferromagnetic properties, resulting in 
a sharp drop in p eff at p—>p c . We observed this behavior in 
a mixture with iron inclusions of 1-2 pm size in the fre¬ 
quency region of 6-10 GHz. 

II. EFFECTIVE MAGNETIC PERMEABILITY OF 
COMPOSITE MATERIAL 

The proximity of a composite system to the percolation 
threshold is characte'.zed by the value of the correlation 
length £ ,hich defines the typical magnitude of fluctuations. 
Near the percolation threshold £ varies with concentration as 
\(Pc"P)/pc\~ P ’ with ^ 0.88, 8 tending towards infinity at 


p—*p c . The composite material placed in an electromagnetic 
field can be described by the effective magnetic permeability, 
p ef{ , and the dielectric constant, e eff , if the wavelength of this 
field X is smaller than the correlation length £ The most 
general analytical approach for calculating p c({ and e cff is to 
use the effective medium approximation, 9-11 in which the 
influence of all the other particles on a selected one reduces 
to the replacement of the environment by some effective me¬ 
dium with p ctt and e cff . The effective magnetic permeability 
p cff of an n -component percolating system can be found 
from the following equation 11 

n 

2 P,ot J (p t «) = 0, (1) 

i 

where p,, ot^p^) are the concentration and the magnetic 
polarizability of the ;-th component. For a magnetic particle 
of a spherical shape the polarizability is of the form 

<*».( Meff) = 3 {p m - Pei f)/4 rr(2^t e ff+ p m ) (2) 

p m = p[2 f(ka)]/[l-f(ka)], k=(l+i)IS 

f(x)=\/x 2 -col(x)/x, 8=c{2tt(tiop)~ 112 , (3) 

where p m substitutes for the magnetic permeability p in the 
case of a conducting particle if the skin effect is essential 
(8<a), a is the particle size and a is its conductivity. 

To extend Eq. (1) for the case of a cluster structure 
which exists near p c , the averaged magnetic polarizability of 
clusters a cl due to eddy currents has to be included in Eq. 
(1). Each cluster represents a set of doubly connected regions 
having a scale-invariant drop structure. It is assumed that, 
relative to the alternating magnetic field, a doubly connected 
cluster is equivalent to a contour of size identical to the char¬ 
acteristic size / of this cluster, 7 then the averaged polarizabil¬ 
ity can be written in the form 
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(«c/)= a cl (l,fi tB )F(l)dl, 

a 


(4) 


s p k p 

1 |l ll+B 2 8(l-Z), p>p, 


C 


where F(/) is the size distribution of doubly connected clus¬ 
ters and a cl is the total polarizability of doubly connected 
clusters. B 1 and B 2 are certain normalization constants inde¬ 
pendent of £ The additional term «<?(/ — ^)/~ 3 appearing in 
F(l) above the percolation threshold is attributed to a regular 
conducting structure. By analogy to a contour placed in a 
medium with the magnetic permeability p, eff , the parameter 
a c ,(l) can be written in the form 

a c i = -Ap. e( (l 3 /Z, Z=p. tfi [nl/a+Z c r, 


Z c /=/U m /4 + i(<5 m /a) 2 , 8 m >a, 


where A is a correction factor independent of both p ef( and /. 

For a binary mixture with a nonmagnetic dielectric ma¬ 
trix, effective medium Eq. (1) which accounts for all kinds of 
polarizabilities (2) and (4) reduces to the form 


Mcff= 1 + Pm - 1)/(2/*cff+ p m ) 



(r'+B 2 0(p)8(l-Q)dl 
Meff In (l I a) +Z C , 


(5) 


where 0(p )~0 for p^p c and 0(p)= 1 for p>p c . Far from 
PM~* a ) the l ast term can be neglected and Eq. (5) reduces 
to the standard form for noncontacting inclusions . 11 In the 
opposite limit of p—*p c (^—>°°), Eq. (5) ensures the domi¬ 
nance of the induced magnetic moments of large clusters 
even in the case of a weak skin effect (<5 >a). It can be clear 
from the asymptote of p eff for £/Z r/ ->°° 

PtfU/Z d ->'»):= [ 1 - exp( \IB x )]Z cl l\nWa). ( 6 ) 

It follows from Eq. ( 6 ) that at any fixed frequency the effec¬ 
tive permeau'lity tends to become zero on approach to the 
percolation threshold. This conclusion is valid for p ap¬ 
proaching p c from both p Cp c and p>p t . For p’>\, near 
p c a “ F’-form anomaly appears on the plot of McfKF)’ as can 
be seen in Fig. 1(a). The corresponding anomaly in the 
imaginary part /x" (f arises in the immediate vicinity of p c . 
For lower frequency this behavior is seen closer to p c . 


III. EXPERIMENT 

As a ferromagnetic composite material wc used a poly¬ 
mer matrix—butadiene-nitrile rubber—with fine iron par¬ 
ticles of an elongated form with a maximal size of 1-2 gm 
and an axis ratio of 3/5. A composite material was formed by 
a tape casting method. Flexible composite film obtained with 
thickness of 0.1 mm were packed and rolled to have a re¬ 
quire 4 :kness and concentration. 

The measurement technique was based on the method of 
a standing wave in a rectangular or a coaxial waveguide . 12 
The experimental setup is shown in Fig. 2. The measure¬ 
ments were made for frequencies from 1 to 10 GHz (below 4 
GHz a coaxial waveguide was used). A sample in the form of 
a slab or a ring disc of thickness d =0.5-1 mm occupied the 



FIG. 1. Concentration dependencies of the effective magnetic permeability 
Metr = Mcfr + 'Meft calculated from Eq. (5) for different values of w = SI a. The 
dashed lines correspond to the case of noncontacting inclusions [Eq (5) at 
The other parameters were chosen as follows: B, =B 2 = 1, /i'=4, 

A'=9. 


whole cross section of the waveguide. The magnetic perme¬ 
ability and the dielectric constant can be obtained from a pair 
of measurements of the complex reflection factor f for two 
different positions of the specimen in the waveguide, defined 
by the distances /i, and h 2 from the shorting plate as seen in 
Fig. 2. The result for and e eff can then be averaged over 
various pairs of /i, and /i 2 . In the case of a composite mate¬ 
rial near p c there is a question if the sample can be consid¬ 
ered macroscopically homogeneous so that p ttt and e cff can 
be applicable. As long as the effective parameters can be 
used, the values of /u cff and e cff have to be independent of the 
chosen sample positions. The dependence of p. ef( and e cff on 
h { and h 2 would give an indication that samples are not 
homogeneous and the effective parameters cannot be used. 
Thus, the method of arbitrary sample positions allows us to 
test whether the composite material has yu eft and e c{f at a 
given frequency and concentration. 

Solving a standard problem of electromagnetic wave 
propagation in a waveguide , 13 one can relate the parameters 
/i cff and e eff to the reflection factor f, or the input impedance 
Z m =(l+»(!-£) through the following expressions 



FIG. 2 Experimental scheme 
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FIG. 3. Experimental concentration dependencies of the effective magnetic 
permeability for frequencies 1.2 GHz in (a) and 6.67 GHz in (b) and (c). In 
(b) the concentration dependence of the imaginary part of the dielectric 
constant is given to determine the percolation threshold. The dashed lines 
were obtained by using a simplex method to fit the effective medium equa¬ 
tion for noncontacting particles, which is valid far from p c . We used this 
equation in the form /u ttt =l+p/i cff (/x m -l)/[(l-n)/a cff +n/i,J, where n is a 
correction factor for a particle shape (for it -1/3 it coincides with (5) far 
from p c ). The fitting parameters were n =0.15, /x'=8, /z" =11 for 1.2 GHz, 
fi'= 4, yi"=9 for 6.67 GHz. 

VeeffMeff - (WM 2 = Z c ff/Z 0 , 

'Je cff p tff -(\ 0 /\ c ) 2 = k\ 0 /2Tr, 

“ i(Z e a/Z 0 )tan(kd) = (Z-Z in )l(ZZ m - 1); 

Z = - iZ 0 tan[2 -trh V T-(X 0 /X c ) 2 /\ 0 ], (7) 

where Z 0 is the characteristic impedance of a waveguide, \ c 
is the cutoff wave length. Equations (7) are valid for both 
rectangular and coaxial waveguides. By applying (7) to two 
sample positions: h = h i and h = h 2 , both complex param¬ 
eters /u cff and e eff can be found. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 3 shows the concentration dependencies of the 
complex magnetic permeability for different frequencies. 


The value of the percolation threshold p c =0.35 corresponds 
to a sharp increase in the imaginary part of the effective 
dielectric constant. At a relatively low frequency (<2 GHz) 
the parameter p t ^j>) increases with concentration up to the 
percolation limit. On the other hand, as the frequency is in¬ 
creased above 6 GHz, the real part of the magnetic perme¬ 
ability considerably decreases near p c . The magnetic perme¬ 
ability of iron particles is estimated to be /x'=4, p-9 at a 
frequency of 6.7 GHz, then the effective permeability of a 
composite with noncontacting inclusions has to monotoni- 
cally increase. Therefore, we can relate the drop in pl^p) to 
the formation of large percolation clusters. 

According to our analysis (see Fig. 1), an anomaly in 
/i eff at p—*p c appears at any frequency, however, it shifts 
closer to p c at lower frequency. In the limit of (8>a) it exists 
just in the immediate vicinity of p c and can hardly be found 
experimentally. This is probably the case with Fig. 3(a), 
since at a frequency of 1 GHz the skin depth 8 in an iron 
particle is estimated to be about 2 pm and 81a >3 (where a is 
a minimal size of a particle), then the percolation effect is not 
seen in a sufficiently large concentration region, and the be¬ 
havior of Pcffip) can be well described by a standard effec¬ 
tive medium equation which follows from (5) at g—>a (far 
from p c ), as shown in Fig. 3(a) in dashed lines. However, the 
sharp drop in p' clt (p) which is seen near p c for frequencies 
above 6 GHz (#a'~l) is not consistent with the noncontact¬ 
ing particle equation. The values of p' M (p) are also higher. 
Comparing such behavior with that shown .n Fig. 1, we can 
conclude tnat at certain frequencies (<5/a<l) the effective 
magnetic permeability of a composite material near p c can 
be greatly affected by the magnetic moments induced by 
eddy currents in large conducting clusters. This effect can 
strongly suppress the ferromagnetic properties of a compos¬ 
ite, resulting in an anomaly in p c{{ (p) on approaching the 
percolation threshold. 
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In this paper the time variation of the thermoremanent magnetization (TRM) is examined. From a 
simple theory based on the relaxation of magnetic moments over the associated energy barrier we 
explain the various forms for the time variation of thermoremanent magnetization. For a narrow 
distribution of energy barriers the variation of TRM with ln(f) is predicted to be concave 
downwards when the relaxation takes place over barriers less than the average barrier. For barriers 
greater than the average barrier the variation of TRM vs ln(f) is predicted to be concave upwards. 
In the region where the relaxation takes place over barriers close to the average barrier the variation 
is initially concave downward and then concave upward. 


I. INTRODUCTION 

Thermoremanent magnetization is usually measured in 
tne following way: the system is cooled in the presence of a 
dc magnetic field from a temperature where all moments can 
fluctuate rapidly between energy minima to a temperature 
where some of these fluctuations become slower and take 
place ove r *>■* measured time scale. Finally the magnetic 
field is s\ off and the remanence obtained is called the 
TRM. 

Time dependence of magnetization is a well-known phe¬ 
nomenon and arises due to the fact that there is a finite time 
for transitions over the energy barrier. According to this phe¬ 
nomenology the time dependence of the remanent magneti¬ 
zation is given by Neel 1 

M r (t) = M r (0)e- ,lr , (1) 

where t is the relaxation time and in zero field r -1 is given 
by 

r-Woe-"'", (2) 

where A E is the height of the barrier for reversal. For the 
case where A E is distributed and the distribution function of 
the barriers over which fluctuations are taking place remains 
approximately constant during the time of observation, fol¬ 
lowing Street et al., 2 the formalism of Eqs. (1) and (2) gives 

AMO* ln(0- (3) 

The time variation of TRM is often measured and used 
as one of the characteristics of the disordered system since 
this variation is usually observed not to follow a ln(f) law. 
Hence the time variation of TRM in spin glass and other 
disordered systems is often analyzed using empirical expres¬ 
sions like the stretched exponential function, 
Af,(0=AMO)exp(-//T p ) 1_ ", 3 ' 5 where r p is the character¬ 
istic relaxation time and n is the time-stretched exponent. In 
other studies the time variation of TRM has been described 
in terms of a power law AM0* ?_a > 6 and on other occasions 
a product of power law and stretched exponential functions 
was used. 7 

Recently, further attempts have been made in order to 
explain the nonlinear ln(r) behavior of AMO * n a reentrant 
ferromagnet. ? In Ref. 8 the M r (t) data were analyzed in 


terms of a percolation model of relaxation which was pro¬ 
posed earlier by Chamberlin et al. 9 In this new model similar 
expressions to that of Eqs. (1) and (2) were used and in 
addition a distribution of cluster sizes was introduced 

M r (t)-M r (0) j x 10/9 exp(-x 2/3 )e _(/T / > r ix, (4) 

JO 

where r p -f ± e ±c ' x is the relaxation time, the (-) and (+) 
signs are associated with slow and fast relaxations, respec¬ 
tively, and C- C' b/kT where C' is an adjustable parameter. 
The new formalism of Eq. (4) contains the physics of the 
problem unlike the empirical powers n and a as used in 
previous models. However, in Eq. (4) the distribution func¬ 
tion and energy barrier have been calculated using an as¬ 
sumed model. The analysis of the AMO data according to 
Eq. (4) suggested that the change of the curvature in AMO 
vs ln(f) curves as the temperature increases is due to differ¬ 
ent relaxation regimes, i.e., slow and fast. Due to the treat¬ 
ment of the AMO problem via Eq. (4), the origin of the 
curvature in the AMO and its variation with temperature was 
used to infer different types of dynamic behavior. 

In this paper we show that the experimentally observed 
behavior can be reproduced using a simple model in which 
the energy barrier and its distribution are independent of 
temperature. 

II. THEORY 

For a system with a distribution of energy barriers 
/(A£) Eq. (1) becomes 

M r (T,t) = M r (H,T,t w ) e- ll ^ E) f{tSE)d£sE, (5) 

JO 

where A E can have various origins like cluster sizes, anisot¬ 
ropy, and orientation effects. M r {H,T,t w ) is the initial rem¬ 
anent magnetization, a quantity which at a given cooling 
field and temperature, depends on the aging time t w , i.e., the 
waiting time that elapses after the system has reached the 
required measuring temperature while the field is still on. 
Also in Eq. (5) we assume that the field is switched to zero in 
an extremely short time, otherwise the time dependence dur¬ 
ing switching should be taken into account. 10,11 
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FIG. 1. The time dependence of thermoremanent magnetization at different 
temperatures for a system with a narrow distribution of energy barriers. 


Equation (5) can be rewritten in terms of a distribution 
of reduced energy barriers /(y) where y = AE/AE m , then 

M r (T,t)=M r (H,T,t w ) r e -"^f(y)dy, (6) 

Jo 

where T~‘(y) = / 0 e” a " (r)) ', a m (T) = AEJkT, and A E m is 
the average barrier in the system. Assuming a distribution 
function of energy barriers with a certain value of A E m and 
standard deviation cr, an exact numerical calculation for Eq. 
(6) can be made and the data of M r (T,t) at different tem¬ 
peratures can be fitted using only two parameters A E m and 
a. For a system with a narrow distribution of energy barriers, 
the calculated M r (T,t)IM ,(<») curves at different tempera¬ 
tures are shown in Fig. 1 where Af r (=o)=Af r (// sal ) which is 
the TRM obtained in a saturating cooling field. In these cal¬ 
culations a log-normal distribution function of reduced en¬ 
ergy barriers were used, f(y) - exp{ - [ln(y)] 2 / 
2a 2 }l^lTT(jy with A£ m = 1.2Xl(T 13 erg, and cr=0.18. The 
form of /(y) can be easily determined by measuring the 
temperature variation of the maximum TRM, i.e., cooling in 
a saturating field, then f(y)<*dM r {H M )/dT . 12 Thus the form 
of the distribution is not an adjustable parameter and can be 
determined by experiment. The data shown in Fig. 1 exhibit 
similar behavior as those always observed for disordered 
systems. 4,5 8 Thus, from first-principles Eq. (6) can describe 
the shape of M r (T,t) vs ln(f) curves at all temperatures 
without the need to imply a phase transition or using differ¬ 
ent forms of the relaxation rate at different temperatures. In 
order tc describe the origin of the curvature in the M r (t) vs 
ln(r) curves Eq. (6) can be simplified and an analytical ex¬ 
pression can be derived following our previous work. 13,14 

The function e~' /T<y) varies strongly with y about the 
critical energy barrier y c which can be defined when 


t= r(y c ). Hence, fory<y c the fluctuations between minima 
happen very quickly and the system exhibits no remanence, 
while for y>y c the moments show remanence and time- 
dependent behavior. Using this criterion Eq. (6) can be sim¬ 
plified to 

M r (T,t)=M r (H,T,t w )-M r (H,T,t w ) \ >C f(y)dy, (7) 

Jo 


where y c is given by 
kT 

( 8 ) 

Equation (7) is a good approximation to Eq. (6) and gives the 
same behavior for M r (t ) vs ln(f) curves as those shown in 
Fig. 1. In addition, an analytical solution for Eq. (7) can be 
obtained by expanding f(AE) about y c due to the fact that 
time-dependence effects are mainly due to fluctuations over 
barriers close to y c . 14 Then, Eq. (7) can be rewritten as 

f y c (‘o) + fyc 

M r (t,T) = M r (t 0 ,T)-M(H,T,tJ f(y)dy, 

Jy c (> o> 

(9) 

where 5y c =y c (0-y c (/ 0 )=ln(f// 0 )/a m (r) and r 0 is the ini¬ 
tial time of measurement. M r (t 0 ,T) is the initial TRM at 
t=t 0 and it is given by: M r (to,T) = M r (H,T,t w ) 
- M r (H,T,t w )j y 0 c( ' l( ' ) f(y)dy. Now by expanding/(y) about 
y c (f 0 ) the change in the remanent magnetization with time is 
given by 


AM r (/,7>-2 /"[y c (*o)][A ln(r)/fl m (7)]" +1 , (10) 

n = 0 


where AM r =M r (()-M,(t 0 ) is the change in remanence 
normalized to M r (H,T,t„)> f'=d"f(y)ldy n , and 
A ln(f)=A ln(r/r 0 ). For constant /(y), Eq. (10) gives a loga¬ 
rithmic time dependence of AM r (t) which is consistent with 
Eq. (3). However, in general, /(y) is not a constant function 
and higher orders of A ln(r) should be considered when /(y) 
varies with y around the critical barrier. The higher order 
terms in the series expansion are found to become increas¬ 
ingly important as the distribution becomes narrower. 14 Thus, 
in general, the A M r (t) vs A ln(r) curve can be represented 
by a series expansion in A ln(r) and the number of terms 
required to describe the data depends on the behavior of the 
function /(y) about y c . In order to show explicitly the origin 
of the curvature changes in AM r (t) vs A ln(f) curves, at any 
instant t, the slope of this variation is given by 


dM r (t,T ) kT 

d HTT~"KrJ [yc) - 


(ID 


Thus, according to Eq. (11) the slope of AM r (t) vs A ln(r) at 
any instant is directly proportional to /(y c ). Thus, at very 
low temperatures where fluctuations are due to the small en¬ 
ergy barriers A E < AE m , i.e., y c is at the left-hand side of the 
distribution, thus in this region f(y) is increasing with y and 
the slope is increasing which causes the variation of A M r (t) 
vs A ln(r) to be concave downward. Since y c v T, at higher 
temperatures the fluctuations of moments will taking place 
over barriers AE>AE m , where /(y) is decreasing with y 
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and accordingly the slope A M r (t)/k ln(t) at any instant will 
be decreasing with y c and cause the variation to curve up¬ 
ward. Thus, in the case where fluctuations are taking place 
over barriers around A E m , i.e., about the peak in the distri¬ 
bution, the variation of A M r (t) vs A ln(f) will initially curve 
downwards and finally curve upwards and in the intermedi¬ 
ate range it will exhibit some degree of linearity due to those 
fluctuations associated with the most probable energy barrier 
within the system, i.e., at the peak where f(j c ) remains con¬ 
stant. 

Thus from this simple theory the shape of the AA/ r (f) vs 
A ln(r) curve and the degree of nonlinearity is directly re¬ 
lated to the distribution of energy barriers within the system 
and not necessarily to the type of the relaxation regime. The 
relaxation mechanism at all temperatures is governed by the 
same dynamic equation [Eq. (2)]; however the contribution 
of these fluctuations to the remanence is determined by the 
distribution of energy barriers. 

A. The effects of aging on TRM 

In the work of Li et al. 8 effects of aging were measured 
and showed that the initial value of TRM [A/ r (0] depends 
on the waiting time t w at the required measuring temperature 
while the cooling field ( H ) is still applied. The effects of t w 
can also be derived from first principles using the rate equa¬ 
tion which can be solved to give 11 

M r {H,T,t w ) 

~[M r (H,T,0)-M e ] Fe-'WMfWdy+M', (12) 
Jo 

where Af e =[ t! 1 (//) - r + 1 (#)]/[ rZ 1 (H) + r+ 1 (//)] is the 
equilibrium magnetization and rl 1 and r+* are the relaxation 
rates into the field direction and out of the field direction, 
respectively. Thus the value of M r (t w ) obtained before 
switching the field depends on the arrangement of moment 
axes with respect to the cooling field. Hence the aging ob¬ 
servations in Ref. 8 suggest that t w must depends on the 
detailed distribution of spins and is currently the subject of 
further work. 

B. Previous treatment of the problem 

The time dependence of remanent magnetization in spin 
glasses has been discussed by Aharoni. 15 Similar formalism 


to that of Eq. (5) was considered, but a distribution of relax¬ 
ation times rather than a distribution of energy barriers was 
used. In addition a gamma distribution function of /(r) was 
assumed in order to obtain an analytical solution for Eq. (5). 
In this formalism, the data for M r (t) at a given temperature 
can be fitted using two parameters, the mean and width of 
the gamma distribution of relaxation. Hence, according to 
the formalism of Aharoni the analysis of the M r (t,T) curves 
gives an average relaxation time and width for every tem¬ 
perature whereas our formalism in terms of the energy bar¬ 
rier distribution gives an average energy barrier (A E m ) and 
width {a) for the whole system. In addition, the form of 
/(A£) can be determined directly from experiment and is 
not assumed. Furthermore, by linking the problem to the 
energy barrier distribution, the origin and shape of the cur¬ 
vature in the AM r (0 vs A ln(/) can be explained. 

HI. CONCLUSIONS 

In this paper, a simple first principle theory for the time 
dependence of TRM in disordered magnetic systems is de¬ 
scribed. The theory shows that the origin and shape of the 
curvature in the M r (t) vs ln(t) data at different temperatures 
are mainly due to the form of the distribution of energy bar¬ 
riers. For a system with a narrow distribution of energy bar¬ 
riers a similar variation of M r (t,T) to those observed in a 
disordered system can be predicted without the need to as¬ 
sume different relaxation regimes at different temperatures. 
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Magnetization of amorphous Fe 0 .82 B o.i8 and Feo.goZr 01 o compounds 
with additions of Tb 
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The addition of Tb to melt spun iron-boron or iron-zirconium compounds raises the magneto¬ 
striction to practically useful levels (5=450 ppm) at room temperature. The present work examines 
the corresponding compositional and temperature dependencies of the magnetization in Tb* 
(Feo^Bo jg)!-* for and Tb y (Feg^Zrojo),^ for 0=£ysS0.1. Increasing the Tb content in 

Fe-B compounds decreases the room-temperature magnetization towards a compensation point and 
lowers the Curie temperature T c . In Fe-Zr compounds, Tb increases the room-temperature 
magnetization and raises T c . Magnetic phase diagrams are presented for each group of compounds 
and exchange frustration effects identified by comparing the observed temperature dependencies of 
the reduced magnetization with predictions from the Handrich mean field model. Only 3 at. % Tb 
in Fe-Zr is sufficient to annul exchange fluctuations, but in Fe-B compounds exchange frustration 
persists throughout the compositional range. 


I. INTRODUCTION 

Magnetostriction in amorphous compounds is of theo¬ 
retical interest to understand how macroscopic anisotropic 
strains are developed from randomly oriented moments and 
of practical importance as an alternative to crystalline highly 
magnetostrictive pseudobinary rare-earth (RE)-iron com¬ 
pounds for applications. 1,2 Amorphous compounds with RE 
=Sm, Dy, or Tb prepared by melt spinning 3 or sputtering 4 
develop useful levels of magnetostriction (—500 ppm). Iron- 
boron and iron-zirconium amorphous compounds can be 
melt spun with relative ease and hence the present choice of 
two groups of compounds, RE*(Fe 082 B 018 ) ,_* with 
0=Sj;=s0.50 and RE > ,(Fe 0 90 Zr o 10 ) ,_ y with 0^y«0.10; ter¬ 
bium is selected for the RE ion because of its outstanding 
magnetostrictive properties. However, as terbium is added to 
each of the chosen groups of compounds, changes in their 
room-temperature magnetostrictions are markedly different. 5 
Hence, the present study of magnetic properties was under¬ 
taken in order to obtain a better understanding of their be¬ 
havior to assist in theoretical calculations of magnetoelastic 
coupling and, in the longer term, enhance the room- 
temperature magnetomechanical properties for practical ap¬ 
plications. 


II. EXPERIMENTAL TECHNIQUES 

Polycrystalline compounds in the ranges Tb* 
( Fe o. 82 B oi 8 )i-* f or 0«x^0.5 and Tb y (Fe 0 .< K) Zr (U0 ),_ y for 
O^y^O.l were produced using start material of at least 3 N 
purity. Melt spinning was conducted in an argon atmosphere, 
producing samples 30-50-^tm thick, 1-2-mm wide and of 
varying lengths. X-ray diffraction (XRD) has been employed 
to ensure that all samples were amorphous. Using CuK a ra¬ 
diation, angles corresponding to the position of the intensity 
maxima have been used to estimate the average interatomic 
spacings. A vibiating sample magnetometer (VSM) was em¬ 
ployed to measure magnetization from -4 K to the Curie 
temperatures with dc fields up to 1000 kA m" 1 . Curie tem¬ 


peratures were obtained from differential scanning calorim¬ 
etry (DSC) for Tb-Fe-B alloys and from magnetization mea¬ 
surements for Tb-Fe-Zr alloys. 

The random anisotropy (RA)—ferromagnetic (F) phase 
boundaries were detected with ac susceptibility measure¬ 
ments for the iron-boron compounds 6 and in the iron- 
zirconium compounds by comparing field annealed and zero 
field annealed temperature dependent magnetization data. 7 

III. RESULTS 

RE-Fe-B: Room temperature data for the variation of 
saturation magnetization with Tb content (Fig. 1), are in 
agreement with previous measurements 5 which showed that 
the materials are magnetically soft. A compensation point at 
x=0.22 is due to antiferromagnetic (AF) coupling between 
the iron and terbium subnetworks. The magnetization at 
1000 kAm -1 has been measured as a function of tempera¬ 
ture from 4.2 K to T c , for each Tb composition. Competing 
effects of local anisotropy and exchange interactions are evi¬ 
dent, v<z: at high temperatures ( T< T c ) the system appears to 
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FIG. 1 Saturation magnetization (O) and average interatomic spacing (•) 
as a function of Tb content in Tb A (Fe 082 B 018 ) ^ x . 
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FIG. 2. Magnetic phase diagram for Tb-Fe-B showing T c (0) and T f (■). FIG. 4. Magnetic phase diagram for Tb-Fe-Zr showing T c (□) and T f (■). 


be magnetically ordered, but with sufficiently high Tb con¬ 
tent at low temperatures, random local anisotropy begins to 
dominate, which causes a “freezing” of the magnetic mo¬ 
ments. The fields employed are then insufficient to align all 
the moments leading to an apparent decrease in magnetiza¬ 
tion at low temperatures below the “spin freezing” tempera¬ 
ture T f . These features of magnetic behavior are summarized 
in a magnetic phase diagram (Fig. 2). 

RE-Fe-Zr: The variation of saturation magnetization 
with terbium content at room temperature (Fig. 3) demon¬ 
strates a different behavior to the RE-Fe-B system. The mag¬ 
netization is seen to increase with the addition of Tb up to 9 
at. %, before dropping sharply as further Tb is added. From 
magnetization measurements as a function of temperature, 7 a 
magnetic phase diagram has been constructed (Fig. 4). The 
addition of terbium again has the effect of “freezing” the 
magnetic moments at low temperatures although values for 
Tf are much higher than for the Tb-Fe-B system. A little 
extrapolation of the RA-F phase boundary indicates that at 


2.70 

< 

2.65 « 
a. 

0) 

o 

2.60 I 
*-* 
a 

i— 

v 
** 

_c 

2.55 ti 
ot 
(0 

V 
> 

< 

2.50 

0 2 4 6 8 10 

Composition (at.X Terbium) 

FIG. 3. Saturation magnetization (O) and average interatomic spacing (•) 
as a function of Tb content in TbjtFeggoZro^),..,. 



room temperature (—295 K) each of the three magnetic 
phases can be obtained in the range 2-8 at. % Tb. 


IV. DISCUSSION AND CONCLUSIONS 

In both the magnetic phase diagrams (Figs. 2 and 4) a 
region has been labeled “ferromagnetic” based on the ob¬ 
served magnetization versus applied field curves. However, 
previous work on similar metallic glasses without rare earths, 
by Buchholtz etal., 5 (Metglas 2605 S2), Cowley et al. 9 
(Fe 83 B 17 ) and Thomas et al. 10 (VAC 0040), indicates that in 
the absence of any well-defined anisotropy, exchange fluc¬ 
tuations disturb the collinear structure. Present data for the 
reduced magnetization as a function of temperature have 
therefore been compared with Handrich’s mean field model 11 
in which the reduced magnetization is expressed as 

a=p s U)(l + A) + B s (x)(l-A)] (1) 

where B s (x)=tanh (x),x=(3S/S + \)((t/t), S is the spin 
quantum number, r is the ratio T/T c , and A is the level of 
exchange fluctuation. Even with the limitations of a mean 
field mode', it is presently observed that in iron-boron com¬ 
pounds (Fig. 5), for either 10 or 50 at. % Tb, A=0.5, indi¬ 
cating exchange fluctuations persist regardless of the amount 
of Tb, consistent with the previous observation of noncol- 
linear moments in metallic Fe-B glasses. For Fe 0 t>oZr 010 
(Fig. 6) the best fit to the experimental reduced magnetiza¬ 
tion data is achieved with A=0.6, but with the addition of 
Tb, A quickly decreases to zero, implying that frustration 
effects are lifted with only 3 at. % Tb. 

The lowering of the room-temperature magnetization 
and T c with the addition of Tb to Fe-B can be explained by 
the antiferromagnetic coupling of terbium-iron moments 
which lowers the overall exchange. Reduction in the ex¬ 
change frustration in Fe-Zr accounts for the increase in both 
the room-temperature magnetization and T c . 

With the addition of only 3 at. % Tb to Fe-Zr, the total 
lifting of frustration effects cannot be attributed directly to 
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FIG. 5. Reduced magnetization as a function of reduced temperature for 
TMFeoszBois) i-i where *=10% (■) and *=50% (A) with theoretical 
predictions from the Handrich model for A=0.5 (.) and A=0 (-). 

Fe-Tb bond effects and in the light of previous work by 
Ryan, 12 changes in mean interatomic separation is likely to 
be a significant factor. According to Ryan, exchange in the 
Fe-Zr system is very sensitive to nearest-neighbor distances 
and changes the sign from positive to negative below 2.4 A. 
From the present data (Fig. 3) the mean interatomic spacing 
for Fe 090 Zr 0 j 0 is -2.5 A, so that a small but significant 
number of Fe-Fe pairs will be antiferromagnetically coupled. 
With the addition of 3 at. % Tb, the mean interatomic spac¬ 
ing increases slightly but is sufficient for the majority of 
Fe-Fe pairs to be coupled ferromagnetically. 

Finally, there are the, as yet, unexplained increases in the 
room-temperature magnetostriction as Tb is added to either 
the Fe-B or Fe-Zr compounds. Present observations show 
that these increases are not simply due to increases in T c . 
What is common to both groups of compounds is the change 
in average interatomic spacing which increases by —7% for 
the addition of —10 at. % Tb. While this alone cannot ex¬ 
plain the observed magnetostrictive effects, it is significant 
when the local field gradients at the Tb ion sites are consid¬ 
ered. Work is in progress to quantify their effects on the 
magnetostriction. 



FIG. 6. Reduced magnetization as a function of reduced temperature for 
Tb y (Feo 9 oZr 0 , 0 ) ,. y where y=0 at. % (V) with Handrich fit for A=0.6 
(.) and y = 3 at. % (•) with Handrich fit for A=0 (-) 
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Magnetic ordering in the three-dimensional site frustrated Heisenberg 
model 

Morten Nielsen, D. H. Ryan, Hong Guo, and Martin Zuckermann 
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Montreal, Quebec H3A 2T8, Canada 

We study transverse spin freezing in the site frustrated three-dimensional classical Heisenberg 
model using Monte Carlo simulations. For small values of the site randomness, there is no 
transverse spin freezing in the ferromagnetic state. As the fraction of the antiferromagnetic sites is 
increased beyond 16%, we observed that the transverse component of the spins freeze in random 
directions at temperatures below some value T xy . Similar behavior is observed in the 
antiferromagnetic state. We compare results of this model to those of the bond frustrated model. 

Finally an approximate phase diagram of this model is presented. 


I. INTRODUCTION 

Recent experimental studies 1 " 3 of partially frustrated 
magnetic systems have demonstrated the existence of a trans¬ 
verse spin freezing phenomenon below the ferromagnetic 
transition. Such a freezing is characterized by the sudden 
increase of the local spin length, as measured by Mossbauer 
spectroscopy, when the temperature is lowered below some 
value T xy . This behavior is found for a range of frustrations 
in systems such as a-Vc x Zt K _ A and Au^Fe^In a recent 
paper, 4 we examined theoretically the spin freezing phenom¬ 
enon and the critical behavior of a bond frustrated three- 
dimensional Heisenberg model. Our Monte Carlo calcula¬ 
tions gave results in qualitative agreement with the 
experimental findings. In particular, we found that at a low 
temperature T xy below the Curie temperature T c , the trans¬ 
verse spin component freezes out, leading to an increase in 
the total spin length. 4 

The bond-frustrated model seems to describe the trans¬ 
verse spin freezing in systems such as a-Fe^Zr^*, where 
there is only one magnetic compound, and the magnetic in¬ 
teraction are determined from nearest-neighbor distances. 
However, there are other magnetic systems for which this 
model is not appropriate. An example is Eu^Gd^S in 
which the spin glass phase is induced by site frustration. 5 
Theoretically, site randomness can be introduced by replac¬ 
ing a fraction / of ferromagnetic sites by antiferromagnetic 
sites. If / is small then no frustration is expected. However, 
at larger values of / when the antiferromagnetic sites start to 
form a percolating network, the randomness will lead to frus¬ 
tration and change the magnetic behavior of the system. 
Thus, we expect that site frustration will give rise to a some¬ 
what different phase diagram compared with the bond frus¬ 
tration model, especially for transverse spin freezing which 
crucially depends on the degree of frustration. It is the pur¬ 
pose of this work to investigate the behavior of the site frus¬ 
trated Heisenberg model using Monte Carlo simulations. 

II. MODEL 

We consider a system of classical Heisenberg spins S, on 
a simple cubic lattice in zero magnetic field. The Hamil¬ 
tonian is given by H=-'Z nn J l) S,Sj. Here, J tJ is the ex¬ 
change interaction between nearest-neighbor spins on lattice 


sites i and j, respectively. We introduce site randomness into 
the system by replacing a fraction / of ferromagnetic sites by 
antifercomagnetic sites. The values for the Curie temperature 
of the ferromagnetic Heisenberg model (/=0) and the Neel 
temperature of the antiferromagnetic Heisenberg model (f 
= 1) are identical, T„= 1.447. 

The model with site frustration was investigated using 
the standard Metropolis Monte Carlo method. A three- 
dimensional system of 8 3 spins on a simple cubic lattice was 
initiated with high-temperature configurations. 6 The system 
was then annealed via 25 temperature intervals to a low tem¬ 
perature of 0.00057^. At each temperature, statistical aver¬ 
ages of relevant physical quantities were taken. A calculation 
of the relaxation time for temperatures away from T H re¬ 
vealed that about 2000 Monte Carlo steps per spin (MCSs) 
were needed to reach equilibrium at such temperatures, and a 
larger number of MCSs were needed close to T H where criti¬ 
cal slowing down becomes important. After the system 
reached equilibrium, statistical averages of physical quanti¬ 
ties were collected over 4000 MCSs. We found that fluctua¬ 
tions in the energy were indeed Gaussian distributed for 
4000 MCSs thus our choice of the number of steps was rea¬ 
sonable. Finally, results for ten different realizations of the 
site randomness for a given / were averaged. The values of / 
used in the simulations ranged from 0 to 1 and we were thus 
able to calculate the entire magnetic phase diagram for the 
system. 

We compute a time average of the spin components and 
of the square of the transverse spin components at each site, 
i.e., 

1 J, 

m,=- X S ,(t') 

t ,' = i 
and 

m\A r X [S„(t ') 2 + V t ') 2 ] 

t' = 1 

where, as mentioned above, r=4000 MC steps. From these 
local quantities we calculate the following spatially averaged 
quantities: (1) the root-mean-square spin length 
5 (ms =l/A r 2fLi(m i -m,) 1/2 , (2) the bulk magnetization 

(3) the staggered magnetization 
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FIG. 1. Temperature dependence of the different spin averages. (A) S mi , 
(0) M f , (*) Af,, (□) Q: , and (A) Q xy T c is the temperature where Q k 
starts to dv'rcase from 2/3. (a) /=0; (b) /= 18%. T xy in (b) ts the tempera¬ 
ture where Q xy becomes nonzero. 

A/ s = 1 /JV|2fLwhere y is a matrix with the symmetry 
of the antiferromagnetic structure of the lattice, (4) the mean 
square of the spin projection on the x-y plane 
0i = (5) the x-y projection of the time- 

averaged spin components Q xy =\IN'Z t l =x (nq x +m 2 ty ). The 
last two quantities take into account ordering in the x-y 
plane and may therefore exhibit the onset of anisotropy and 
spin freezing in the system. 

III. RESULTS 

Figures 1(a) and 1(b) show data for quantities 
M s , 0i , and Q xy as functions of temperature, for several 
values of site frustration /. In Fig. 1(a) the pure ferromag¬ 
netic case (/=0) is shown. This shows, as expected, that the 
order parameter M f and the local spin length 5 ims are iden¬ 
tical below the critical temperature T c (which is equal to T H 
in this case), as the system orders to a collinear configura¬ 
tion. Above T c , 0j_ takes the value 2/3 since the spins are 
randomly rotating in three dimensions thus spending 2/3 of 
the time in the transverse plane where 0 L is computed. Be¬ 
low T c , Qj_ decreases to zero at 7’=0 as expected for /=0. 
Naturally the quantity Q x> is zero for all T when /=0 since 
there is no spin freezing. 

Up to /=0.16, the behavior is similar to the /=0 case. 
As we further increase the site randomness /, interesting 
features start to show. Figure 1(b) are the data for /=0.18. 
Here, we can see that Q xy becomes nonzero at a low tem- 
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FIG. 2. Time averaged spin configuration for /-36% and T = 0.12 T H of a 
8 3 system projected onto the x-y plane. Each point therefore is a stack 
containing eight spins. 


perature T xy . Since Q xy measures the time-averaged length 
of the spin components in the transverse plane, a nonzero 
value of Q xy signals the freezing out of that component. In 
this situation 0 X , the mean square of the spin projection on 
the x-y plane, remains nonzero as T approaches 0. For a 
simple cubic lattice there are six neighboring spins per site, 
thus we expect that, on average, all the spins will be affected 
when the site randomness reaches 16%-17%. Indeed, spin 
freezing is observed around this value of frustration. This is 
very different from the behavior of the bond-frustrated sys¬ 
tem. There, any finite / gives rise to the transverse freezing. 4 
In the bond frustrated system, frustration is induced by just 
replacing one ferromagnetic bond by an antiferromagnetic 
bond. In the site frustrated model, however, the replacement 
of a single ferromagnetic site by an antiferromagnetic site 
only decreases the bulk magnetization and has no other ef¬ 
fect. Frustration for the site frustrated model can only occur 
when there are at least two neighboring antiferrornagnetic 
sites. This occurs on average at a value given by f=q ~ 1 
where q is the coordination number of the lattice. For our 
case, q =6 at /=0.167. Finally we notice the different values 
of M f and S [ms below T c : part of the difference is now 
contributed by the transverse spin freezing as S [ms is the 
vector sum of the z as well as the transverse components of 
the spins. For higher values of /, all features are similar to 
those of Fig. 1(b). Due to more frustration in the system with 
higher /, it is easier to freeze out the transverse spin compo¬ 
nents, thus T xy has increased to higher values. 

An interesting result is the behavior of the staggered 
magnetization as / is increased from zero. We found that M it 
starts to have nonzero values at the same temperature as T xy , 
This seems to indicate that in the x-y plane the spin compo¬ 
nents freezes antiferromagnetically. To see this, we plot a 
typical configuration of the spin components in the x-y plane 
in Fig. 2 for /=0.36 at 7 =0. 12T I{ . Indeed, we see that the 
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FIG. 3. An approximate phase diagram of the model. Open circles are 
temperatures T c . Solid circles are temperatures T xy . The dashed line with 
open boxes and diamonds roughly separates the mixed phase from the FM 
and AFM regions. The line is determined from the peak position in the 
susceptibility as we sweep / at fixed temperature. The error bars are deter¬ 
mined as standard deviation from ten realizations of site randomness for 
each value of /. 


transverse components try to order antiferromagnetically. 

In Fig. 3 we present an estimate of the phase diagram for 
this model. The phase transition lines from the paramagnetic 
state (PM) to the ferromagnetic (FM) and antiferromagnetic 
(AFM) states were determined by calculating the susceptibil¬ 
ity of the system. We took the peak position of the suscepti¬ 
bility as the transition point. 7 The T xy line was determined as 
the temperature where Q x just became nonzero. We note that 
there is no phase transition across the line of T xy and it 
represents the short-range behavior of the transverse spin 
freezing. The onset of the freezing occurs at frustration 
f~\6% in the ferromagnetic state, and /~84% in the anti¬ 
ferromagnetic state. At these values of /, the phase transition 
temperature T c starts to decrease. In the region between 
/=45% and /=55%, T c and T xy merge together. 

Apart from the usual states, at the middle region of the 
phase diagram there is a state we termed “mixed phase.” We 
found that in the mixed phase Q ± remains nonzero down to 
zero temperature and, in fact, it has rather substantial values 
at low temperatures. For instance with /=51%, 2 i «0.45 at 
T =0. We have checked from the spin configurations that this 
large value of Q x was due to the fact that many spins lie 
almost completely in the transverse plane in the mixed 
phase, and that they actually form antiferromagnetic configu¬ 
rations (Fig. 2). Thus this part of the phase diagram is char¬ 


acterized by ferromagnetic domains pointing in the z direc¬ 
tion mixed with antiferromagnetic domains pointing in the 
transverse plane. We have performed simulations to compute 
the susceptibility at fixed temperatures by sweeping /. A 
peak occurred in the susceptibility at the broken line in the 
phase diagram which separates the FM and AFM from the 
mixed phase. Unfortunately, we were not able to determine 
the nature of the region near this line as extremely large 
simulations are needed to determine whether there is a true 
phase transition from the FM or AFM states to the mixed 
phase as / or T is varied. We hope to report such a study in 
the future. 

IV. CONCLUSIONS 

Our Monte Carlo simulations on the site frustrated 
Heisenberg model give qualitatively similar results to those 
of the bond frustrated model. In particular the transverse spin 
freezing phenomena are observed which lead to an increase 
of the local spin length. However, the frustration does not set 
in until the site randomness reaches —16%. Thus, the trans¬ 
verse spin freezing temperature T xy remains zero until / 
reaches that value. We have observed a mixed phase for large 
values of the site randomness at low temperatures. Such a 
disordered phase is characterized by the configurations of 
mixed ferromagnetic and antiferromagnetic domains. Finally 
we have estimated the phase diagram of this model and it is 
in qualitative agreement with experimental findings. 5 
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Mossbauer measurements of spin correlations in a-(Fe,Ni)goZr g Sn 
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The local spin structure of the partially frustrated amorphous Fe 90 _ I Ni x Zr 9 Sn system was 
investigated by Mossbauer spectroscopy for x=l,3. The magnetic probe atom 57 Fe and the 
nonmagnetic 119 Sn were used to monitor the local correlation of the spins. The additional Ni renders 
the system less frustrated. We measured the temperature dependence of the hyperfine fields of the 
two probe atoms. The ratio (B hf ( n9 Sn))/(B h f{ 51 Fe )) rises with increasing temperature. This is in 
contrast to the temperature independence found for this ratio in Fe 92 Zr 7 Sn. A similar rise was found 
in the crystalline spin-glass AuFe where the slope was much larger and was related to a loss of 
longitudinal correlations. 


INTRODUCTION 

In amorphous and crystalline materials with competing 
antiferromagnetic (AF) and ferromagnetic (FM) exchange 
couplings two magnetic transitions have been observed in 
the low to medium frustration range. 1 The first transition 
marks the onset of ferromagnetic ordering at T c . At the sec¬ 
ond transition temperature, T xy , the transverse degrees of 
freedom freeze. 1,2 Overlaying the gross ordering behavior, 
are a series of phenomena associated with magnetic correla¬ 
tions and excitations. Neutron depolarization 3 and Lorentz 
microscopy 4 clearly show the existence of long-range (~10 
/zm) magnetic correlations which appear at T c and persist 
through T xy , consistent with the formation of a ferromag¬ 
netic state. By contrast, small angle neutron scattering re¬ 
veals significant contributions from short-range (~10 nm) 
correlations, 5 which are sensitive to both magnetic transi¬ 
tions, and exist well above T c . 

One way to probe short-range magnetic correlations is to 
use Mossbauer spectroscopy. For a magnetic probe atom like 
57 Fe the main contribution to the measured hyperfine field 
stems from the local moment of the atom itself. For a non¬ 
magnetic probe atom like ll9 Sn only the transferred fields 
from the neighboring magnetic moments contribute to the 
measured hyperfine field. If the spin structure is collinear, 
then the fields from the neighboring moments should add 
coherently, and a large transferred field should be observed at 
the nonmagnetic site, while a noncollinear or random spin 
structure should lead to a partial cancellation of the contri¬ 
butions and thus a smaller transferred field. The ratio of the 
(transferred) 119 Sn field to the (generating) 57 Fe field contains 
information about the degree of collinearity, and the tem¬ 
perature dependence of the ratio can be used to scale out the 
large changes due to thermal fluctuations, and reveal smaller 
effects due to changes in spin structure. This technique has 
been used to study spin correlations in several frustrated 
magnetic systems. In amorphous Fe 92 Zr 7 Sni, where the frus¬ 
tration arises through the distance dependence of the Fe-Fe 
direct exchange interaction, the transverse spin components 
were found to be correlated 6 as no change in the field ratio 
was observed on cooling through T xy . Similarly, in AuFe, 
where the frustration is due to competition between long- 
ranged Ruderman-Kittel-Kasuya-Yosida (RKKY) and 
nearest-neighbor direct exchange interactions, both 1% Au 


and 119 Sn Mossbauer resonances have been employed, and 
clear evidence for strongly correlated transverse spin compo¬ 
nents was obtained. 7,8 However, more detailed examination 
of the temperature dependence of the n9 Sn/ 57 Fe field ratio, 
revealed evidence for a decay in the longitudinal spin corre¬ 
lations on cooling, 6 a result that is consistent with observa¬ 
tions on similar compositions by neutron depolarization. 3 

In order to further understand the behavior of the field 
ratio it is necessary to study a range of frustrated magnetic 
systems. We have previously reported work on the 
a-(Fe 1 _ x Mn t ) 78 G 22 system (G is a mixture of glass forming 
elements like Si, B, Al, P), which is frustrated through the 
addition of manganese, 9 however interpretation is compli¬ 
cated by the large magnetic moment of the Mn atoms. Here 
we report work on a simpler system, a-fFego.^Ni^)^^, in 
which the addition of Ni reduces the frustration in the alloy, 
raising T c and suppressing the transverse spin freezing 
transition. 10 In addition to the reduction of noncollinearity 
with increasing nickel content, the excitations become better 
behaved. 11 No spin waves were observed by inelastic neutron 
scattering for x- 0, and while spin waves are seen below T c 
for *=1, they soften on cooling, and were not resolved be¬ 
low 0.ir c . Well-defined spin waves are present for *5=5. 
Nickel carries a relatively small moment in this system 
(~0.6/z s 12 ) and as it is only present in low concentrations, its 
direct effects on the 119 Sn hyperfine field should be small. 
Therefore, the dominant contributions to the 119 Sn field 
should come from changes in the magnetic structure. The 
two samples considered here contain 1 and 3 at. % nickel; 
insufficient nickel to render the materials ferromagnetic. 

EXPERIMENTAL METHODS 

Ingots for melt spinning were prepared by first melting 
appropriate quantities of Zr (99.8%) and Ni (99.99%) in an 
arc furnace under titanium-gettered argon, then the Fe 
(99.98%) was added and the constituents were alloyed by rf 
melting under an Ar atmosphere. Enriched 119 Sn was used in 
order to get approximately 8 mg 119 Sn per 1 g sample weight 
to ensure a usable absorption in the 119 Sn spectra. Melt spin¬ 
ning was done under a helium atmosphere on to a copper 
wheel. The amorphous structure of the sample was verified 
by x-ray diffraction, DSC measurements, and room- 
temperature Mossbauer spectroscopy. The resultant amor- 
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FIG. 1. 57 Fe and n, Sn Mossbauer spectra for Fe 90 _,Ni,Zr 9 Sn taken at 12 K. 



FIG. 2. Temperature dependence of the average 57 Fc and m Sn hyperfine 
fields for the two compositions of Feqo-jNijZ^Sn. 


phous ribbons were mounted on tape in order to make a 
Mossbauer absorber. The MS spectra were taken with a con¬ 
ventional constant acceleration spectrometer with a 57 Co/Rh 
source for the 57 Fe spectra and a Ca 119 Sn0 3 source for the 
n9 Sn spectra. The temperature was varied by means of a 
vibration-isolated, closed cycle He cryostat or a continuous 
flow cryostat. 

The 57 Fe spectra were fitted using two Gaussian distri¬ 
butions to describe the hyperfine field distribution. For the 
ll9 Sn spectra a single Gaussian distribution with different 
widths on the low and high field side was used. As the 
sample is an amorphous ribbon the intensity of the 2nd and 
5th lines could not be fixed to its powder average value. 
Therefore the intensity was fitted in the 57 Fe spectra, and 
then set to the value found in those fits (~1) in order to fit 
the n9 Sn spectra. A linear correlation between the isomer 
shift and the hyperfine field was assumed in order to fit the 
slight asymmetry in the spectra. Spectra taken at 12 K for the 
different compositions and the two probe atoms along with 
the fits are shown in Fig. 1. 

RESULTS 

As expected, T c increases on adding Ni, being 247±5 K 
for r = l and 270±5 K for *=3, compared with 230±5 K for 
x=0. The temperature dependence of the average 57 Fe and 
119 Sn hyperfine fields is given in Fig. 2. The curves show 
Brillouin-like behavior in all cases, and the derived T c for 
each alloy is the same for both the Fe and Sn measurements, 
confirming that the Sn probes the same magnetic behavior as 
Fe. 

The 57 Fe hyperfine field at 12 K rises on adding nickel, 
increasing 4% on going from x=0 to x=\, and a further 6% 
on going to x=3. The width of the hyperfine field distribu¬ 


tion also narrows slightly. These results are in accordance 
ith more collinear ordering, and the increased magnetiza¬ 
tion observed in this system on adding Ni. 10 

The behavior of the 119 Sn transferred hyperfine field 
however, is less straightforward. The shapes of the ll9 Sn 
spectra shown in Fig. 1 are different, reflecting a 4% increase 
in the width of the hyperfine field distribution on going from 
x=l to x=3, however, this broadening does not translate 
into an increased average. It is immediately apparent from 
Fig. 2, that the average Sn field at 12 K does not match the 
increase in the iron moment derived both from magnetization 
measurements and the 57 Fe Mossbauer spectra. In clear con¬ 
trast to the 57 Fe data, the average U9 Sn hyperfine field does 
not change with composition, and the slight difference in 
temperature dependence, apparent in Fig. 2, simply reflects 
the higher T c of the x=3 sample 

Plotting the ratio: (B h f( m Sn))/(B h; ( 51 ?e)) (Fig. 3) re¬ 
veals another puzzle. Since the Sn field does not increase 
with the Ni content, the Sn/Fe field ratio decreases on mov¬ 
ing to the less frustrated, and thus more collinear, sample. 
Furthermore, a clear temperature dependence is apparent, 
with a slope of ~1.5Xl(T 4 K~', at least an order of magni¬ 
tude greater than the largest slope consistent with the data 
from Fe 9 2 Zr 7 Sni , 6 This slope should also be compared with 
the much stronger temperature dependence of ~9X 10~ 4 K -1 
observed in AuFe by 119 Sn Mossbauer spectroscopy. In the 
case of AuFe, the decline in the field ratio on cooling was 
interpreted as evidence for a loss of longitudinal order, a 
conclusion consistent with neutron depolarization measure¬ 
ments. However in the case of «-Fe 90 _ .Ni v Zr 10 no tempera¬ 
ture dependence was seen for a =0 , and adding nickel re¬ 
duces frustration, making the system more ferromagnetic. 
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FIG. 3. Temperature dependence of the ratio <B A/ ( n, Sn))/<fl^( 57 Fe)> for the 
two compositions of Fe 90 _ x Ni I Zr 9 Sn. 

Two possible conclusions can be reached, (i) There is, in 
fact, a loss of collinear order on cooling in a-Fe 90 _. t Ni 1 .Zr 10 . 
Independent confirmation of this behavior will be difficult to 
obtain, as the effect is quite small. The reduction of thermal 
fluctuations,on cooling from 100 to 0 K, leads to a factor of 
two increase in the magnetization, while the change in the 
field ratio, and hence in the degree of collinearity, over the 
same temperature range is only about 1%. Unambiguously 
separating these two contributions would be extremely diffi¬ 
cult. The existence of a collinearity loss in this system is 
unexpected since magnetization and neutron scattering mea¬ 
surements both show that the material becomes more ferro¬ 
magnetic with increasing Ni content. Moreover, a more frus¬ 
trated, binary a-Fe-Zr alloy showed no evidence of a 
collinearity decay, (ii) The Sn hyperfine field does not probe 
correlations between the neighboring Fe moments in the 
simple manner proposed, perhaps as a result of a greater 
tendency to form covalent bonds. The failure of the Sn field 
to rise with the increase in the Fe moment certainly provides 


support for this view. However, both 196 Au and n9 Sn Moss- 
bauer measurements in AuFe yielded the same result, and 
confirmed neutron depolarization measurements. This agree¬ 
ment suggests that Sn does not sample its environment any 
more selectively than Au, and also shows that a loss of col¬ 
linear order does yield the correct signature in the hyperfine 
field ratio. It is possible that the additional Ni leads to 
changes in the Fe moments which are not probed by the Sn. 
For example, even small changes in the orbital contribution 
to the iron moment can have significant effects on the 57 Fe 
hyperfine field, 13 but would not be seen by neighboring Sn 
atoms. It is not clear why the temperature dependence of 
such effects should differ from that of the average moment 
so as to yield a temperature dependent field ratio. 
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Study of the spin glass transition of amorphous FeZr alloys using small 
angle neutron scattering 
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SANS experiments of an amorphous Fe^oZrjo alloy were carried out in the temperature region 
20-300 K with and without the application of a magnetic field. The scattering versus temperature 
for different Q values (zero field cooled magnetization) shows two transitions at T c =240 K and 
7y=40 K. However, both transitions are not observed in magnetic field (2.6 kG) cooling down 
curves. By switching off the magnetic field and warming up the sample only the transition at T 40 
K is observed. Application of a magnetic field at different temperatures in a zero field cooled sample 
reduces the scattering; the scattering returns to its initial value after switching off the field. 


INTRODUCTION 

Amorphous Fe^Zr alloys, where X s3 0.1, exhibit an 
unusual complex magnetic behavior. At 7).=240 K they ex¬ 
hibit a transition from the paramagnetic state to the long- 
range ferromagnetic (FM) ordering, whereas at the lower 
temperature Tj(H= 0) = 40 K another transition to a “spin- 
glass-like” (SG) (reentrant) state occurs. 1 Most of the experi¬ 
mental evidence referred to the T f transition could be ex¬ 
plained by the coexistence and competition of ferromagnetic 
and antiferromagnetic interactions. 2 Recent magnetization 
and Mossbauer measurements 3 of the Fe tX) Zr 10 alloy have 
been interpreted as being consistent with finite ferromagnetic 
clusters in a ferromagnetic matrix. 4 However, questions have 
been raised as to whether the T f transition is indeed a FM to 
true SG state transition. The ac susceptibility could be ex¬ 
plained by either a SG transition or domain pinning effects. 
TEM and Lorentz microscopy studies 5 have revealed the ex¬ 
istence of magnetic domains down to 6 K. However, SANS 
experiments 6,7 on Fe 9) Zr 9 revealed the existence of two dif¬ 
ferent spin-spin correlation lengths, the longest persisting up 
to temperatures even higher than T c , whereas the shortest 
appears below T c . 

In this paper, we report small angle neutron scattering 
(SANS) measurements of an amorphous Fe^Zr^ alloy. The 
two transitions in zero field cooled (ZFC) magnetization, re¬ 
ported previously, ar< observed around the same tempera¬ 
tures. However, in a FC sample only the lower temperature 
transition (Tf) is observed. Interesting results are obtained 
when a field is applied after cooling the sample at different 
temperatures. 

EXPERIMENT 

Amorphous Fe^Zr^ alloy was prepared in an argon at¬ 
mosphere by the melt spinning method. The amorphicity of 
the alloy was verified by x-ray diffraction, ac susceptibility 
measurements showed two transitions at 40 and 240 K. Rib¬ 
bons of about 1 g were stuck together and their low angle 
scattering was measured using the LOQ instrument at the 
spallation source ISIS, Rutherford-Appleton Laboratory, En¬ 


gland. In this instrument a neutron wavelength band from 
0.22 to 1 nm is utilized. The averaged counts from the dif¬ 
ferent wavelength bands are pulled together giving a 
(2-range ((2 = 4-77 sin 6/\) from 0.07 to 2.0 nm -1 . The scat¬ 
tering of this alloy was measured in the temperature range 
300-15 K with or without the application of a magnetic 
field. 

RESULTS AND DISCUSSION 

The change in the scattering versus temperature in zero 
magnetic field is shown in Fig. 1. These measurements were 
obtained during the cooling of the sample; a few spectra 
were repeated during the warming up and showed that the 
scattering was reversible. From Fig. 1 we clearly observe 
two transitions: the firs* at 240 K and the second at around 
40 K. From 300 to 250 K the scattering remains almost con¬ 
stant. Below 250 K a gradual increase in the scattering is 
observed which peaks at 230 K. As the temperature de- 



FIG. 1. Scattering vs temperature at different Q values. The sample has 
been cooled in zero field (the solid lines are a guide to the eye). 
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creases from 230 K the scattering for 0>0.12 nm -1 re¬ 
mains almost constant, whereas for lower 0 values a con¬ 
tinuous increase in the scattering is observed. At around 40 K 
a sharp increase in the scattering for all 0 values is observed. 
These two transition temperatures coincide with those ob¬ 
served from ac susceptibility measurements carried out on 
the same sample. 

The transition at 240 K has been attributed to a transition 
from a paramagnetic state to a long-range ferromagnetic or¬ 
dering. In a ferromagnetic system the neutron scattering 
within the static approximation is given by a Lorentzian form 
(L) 


I(Q)= 


A 


( 1 ) 


where k is the inverse spin correlation length which ap¬ 
proaches zero at the phase transition. In order to examine 
whether the scattering follows a Lorentzian line shape the 
data were plotted as 1 //(0) vs Q 2 , The data do not show a 
linear behavior when the whole experimental Q range is 
used. However, if we restrict our attention to the low 0 
■egion (0.07 to 0.6 nm -1 ), we observe two linear regions, 
and in the temperature range 300-110 K. The 0 value of the 
inflection decreases with temperature (at 250 K around 
0 = 0.5 nm -1 ) and is not observed within the experimental 
window below 110 K. These results a r e very similar to those 
discussed by Rhyne et al? 

As discussed above, the data in a plot of i//(0) vs Q 2 
[Eq. (1)] are curved and the departure from the Lorentzian- 
type shape increases as the temperature decreases. At these 
temperatures irreversibility effects have been observed in ac 
susceptibility measurements and if we assume a random an¬ 
isotropy system the scattering can be expressed in Lorentzian 
plus Lorentzian-sqi.ared (L-L2) form* 

I{Q)= Q^? + '(Q 1 +K i ) i - (2) 

A least-squares fit of the experimental intensities to Eq. (2) 
using the full 0 range gives physically meaningful values 
(/T>0) only in the temperature range 240-110 K. This is the 
temperature region in which the intensity varies slowly with 
temperature (Fig. 1). The value of the coefficient ,4 decreases 
with temperature (around 30% from 240 to 110 K), whereas 
the correlation length as determined from /c 2 increases with 
temperature from 7.5 nm at 240 to 19 nm at 110 K. The 
decrease of A with temperature is in accordance with the 
behavior expected from a normal ferromagnet. It should be 
noted that the experimental intensity and that calculated from 
the fitted A, B, and k values agree very well apart from a 
small deviation at the very low 0 values. It has been pro¬ 
posed that the spin clusters can be presented by a Maxwell¬ 
ian distribution. 7 However, by using such a model it is diffi¬ 
cult to fit the whole Q range and the values of A increase 
with decreasing temperature. Thus, we can only say that the 
L-L2 Eq. (2) describes the experimental data in the tempera¬ 
ture regions defined from the first transition at T c =240 K to 
the onset of the second one. In order to understand the origin 
of the low-Q scattering experiments in an even lower 0 



FIG. 2. The effects of the magnetic field at 20 K. The scattering at room 
temperature has been subtracted from all spectra. Triangles: ZFC, squares: 
FC from 300 K, circles: scattering after switching off the magnetic field. 


range are required. The interpretation of the scattering at 
temperatures around the two transitions probably requires a 
more sophisticated model. 

The application of a magnetic field at 300 K reduces the 
scattering. This reduction is initially proportional to the field 
and at 5 kG saturation has been reached. The field-dependent 
scattering cannot be described by the simple Lorentzian form 
of Eq. (1). Howe\er, a plot of the ln[/(0)] vs In 0 exhibits 
a linear behavior for the whole 0 range and the slope ob¬ 
tained is around 2. This shows that the scattering after the 
application of the magnetic field can be described with a 
function of the form A IQ 2 . This behavior is expected from 
an ordered ferromagnetic system. 

Cooling the sample from 300 K in a 2.6 kG field, wc 
observe no change in the scattering with temperature. Nei¬ 
ther of the two transitions is observed. By switching off the 
magnetic field at 20 K the scattering increases, but it does 
not reach the value of the scattering observed during the 
cooling of the sample with zero magnetic field (Fig. 2). The 
increase of the scattering observed after switching off the 
field at 20 K occurs within 5 min, the time required to obtain 
the first measurement. No change in the scattering is ob¬ 
served in subsequent measurements, while remaining at 20 
K. Warming up, we observe the lower tiansition at 40 K. 
However, the higher transition at T’ c =240 K is not observed 
(Fig. 3), the scattering slowly increases to its original 300 K 
value in zero field. 

In order to examine the spin reorientation at different 
temperatures, a magnetic field was applied after cooling the 
sample to a specific temperature (230, 110, 80, and 40 K). 
The change in the scattering induced by the field occurs 
within less than 2 min (time of the measurement) and the 
scattering returns io its previous value by switching off the 
magnetic field within the same time interval. In Fig. 4 the 
effect of the magnetic field (H= 2.6 kG) applied after the 
sample was cooled at 230 K is presented. For comparison, 
the scattering obtained when the same field is applied at 300 
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FIG. 3. Scattering vs temperature at different Q values during the heating of 
the sample in zero field from 20 to 300 K. The sample was previously 
cooled in a magnetic field of 2.6 kG. 


K is also presented. In order to show the effect of the mag¬ 
netic field, the scattering at room temperature has been sub¬ 
tracted from all the spectra. The field-induced scattering for 
the low Q values is lower than the 300 K scattering in zero 
field. As Q increases it reaches the 300 K scattering, further 
increases to peak at 0.44 nm' 1 , then decreases to the 300 K 
scattering at Q around 1.2 nm -1 (see inset of Fig. 4) and 
remains unchanged for Q> 1.2 nm -1 . As the temperature of 
cooling is reduced these effects become less pronounced and 
the field-induced scattering at 40 and 300 K almost coincide. 



FIG. 4. The effect of a 2.6 kG magnetic field after the sample was cooled at 
230 K. The scattering at room temperature has been subtracted from all 
spectra. Triangles: ZFC to 230 K, circles: cooling from 300 to 230 K in zero 
field and application of a magnetic field of 2.6 kG, squares: application of 
2.6 kG at 300 K. 
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CONCLUSIONS 

The ZFC SANS from an amorphous Fe^Zr^ alloy 
shows two transitions at 240 and 40 K which coincide with 
those observed from ac susceptibility measurements carried 
out on the same sample. The scattering in the temperature 
range 300-110 K and in the low Q region shows a behavior 
which departs from either/, orL-L2 form [Eqs. (1) and (2)]. 
This scattering cannot be attributed to chemical effects or 
clustering since it is temperature dependent. If we ignore the 
low Q scattering we can fit a L-L2 equation to the data only 
in the range 240-110 K. The correlation length obtained 
from such a fit increases with temperature from 7.5 to 19 nm 
and the coefficient A which contain contributions from both 
finite range spin waves and from the static spin glass order 
decreases with temperature as expected. The 300 K scatter¬ 
ing is reduced with the application of a magnetic field and 
saturation is observed at 5 kG. No change in the scattering is 
observed during the cooling of the sample from 300 to 20 K. 
The temperature independence of the scattering during cool¬ 
ing and its form (A/Q 2 ) indicate an ordered ferromagnetic 
system. By warming up the sample after switching off the 
field at 20 K only the lower transition at 7y=40 K is ob¬ 
served. The switching off of the field unlocks the spin cluster 
units which undergo their transition at 40 K. The unlocking 
of the spin clusters is not complete since the scattering at 20 
K, after switching off the field, is not restored to its ZFC 
value. The FM matrix remains frozen at low temperatures 
and the scattering slowly recovers to its previous value at 
300 K without showing the T c =240 K transition. The appli¬ 
cation of a magnetic field after cooling the sample to a spe¬ 
cific temperature results in a reduction of the scattering. The 
effect is more pronounced at 40 K where the field has almost 
the same effect as when applied at room temperature. No 
hysteresis is observed in the restoration of the scattering to 
its previous value after switching off the field. We may as¬ 
sume that the field mainly modifies the spin cluster units. At 
40 K a larger part of the sample is occupied by the spin 
clusters so the effect is greater. This is in agreement with the 
unlocking of the spin clusters when the magnetic field is 
switched off at 20 K after a field cooling of the sample. 
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Magnetohistory effects in YFe 12 _. c Mq c (jc = 1.5—3.0) have been investigated. The freezing 
temperature Tf increases with increasing Mo concentration. Irreversible behavior still appears in an 
applied field up to 6 T for YFe 95 Mo 25 . These magnetohistory behaviors may be understood by 
domain-wall pinning. 


I. INTRODUCTION 

Since 1990, when Sm 2 Fe 17 N 3 and NdFe n TiN com¬ 
pounds were discovered, 1,2 interstitial compounds have been 
intensively investigated due to their excellent magnetic prop¬ 
erties for permanent magnet applications. Anagnoston et al? 
and Wang et al. 4 first studied the series of RFe 10 Mo 2 nitrides 
and the series of NdFe 12 _ x Mo x nitrides, respectively. The 
studies showed that the RFe^/T* series with 7’=Mo has 
different magnetic behavior from the other series with T =Ti, 
V, Cr, W, and Si. 5,6 Recently, YFc^^Mo* and their nitrides 
were also investigated by Sun et al. in order to get informa¬ 
tion on the magnetic properties of the Fe sublattice. 7 ’ 8 Some 
magnetohistory effects were observed in both YFe 10 Mo 2 and 
LuFei 0 Mo 2 by Christides et al. 9 These magnetohistory phe¬ 
nomena are very close to the behavior which exists in spin 
glasses and amorphous alloys. 10 The authors in Ref. 9 be¬ 
lieved that such phenomena result from the variation of 
Fe-Fe distances for YFe 10 Mo 2 and LuFe 10 Mo 2 on different 
Fe sites and the distribution of Mo atoms leads to a random¬ 
ness of the exchange interaction and an establishment of 
noncollinear-type of magnetic order (helimagnetic structure). 
However, such a mechanism is still a matter of debate. In 
fact, magnetohistory phenomena are often exhibited by some 
rare-earth transition-metal alloys, tor example, in YCo 2 Ni 3 
observed in 1976 11 and recently in Ho 2 Fe 17 _^Al f 12 and 
R 2 Fe l4 _ J Mn_ c C. 13 The narrow-Bloch-wall pinning mecha¬ 
nism developed by Barbara et al. in the early 1970’s 14 for 
understanding the huge coercive force in the crystalline rare- 
earth-transition metal alloys has been used to explain the 
magnetohistory effects. 13 

In this work, we investigate the magnetohistory effects 
of the series alloys of YFe^^Mo* (x = 1.5—3.0) and discuss 
the origin of these effects. 

II. EXPERIMENT 

Alloys ofYFe 12 _ x Mo^ with *=1.5, 2.0, 2.5, and 3 were 
prepared by arc melting from 99.9% starting materials under 


an argon gas atmosphere and then vacuum annealed at 
1100 °C for 24 h. By x-ray diffraction and thermomagnetic 
analysis, all samples were found to be single phase with 
ThMn 12 -type structure. Experimental data of structural and 
intrinsic magnetic properties have been reported separately. 15 
Samples of cylindrical shape with a diameter of 3 mm and a 
length of 6 mm were made at room temperature by aligning 
the alloy powders along the cylinder axis in a magnetic field 
of 1 T and fixing their direction with epoxy resin. The low- 
temperature thermomagnetic data were obtained using an ex¬ 
traction sample magnetometer in the temperature range from 
1.5 to 300 K in an applied field up to 6 T. 


III. RESULTS AND DISCUSSION 

Figure 1 shows the temperature dependence of the mag¬ 
netization of YFe, 2 _ x Mo x series (1.5<*<3.0) in ;.n applied 
field of 0.045 T after zero-field cooling (ZFC) and field cool¬ 
ing (FC) processes. Here the ZFC curve is obtained by cool¬ 
ing the sample from room temperature to 1.5 K in zero ap¬ 
plied field, and then measuring the magnetization with the 
increase of temperature in a certain applied field, while the 
FC curve is produced by cooling the sample in the same 
applied field. The thermomagnetic cycle of ZFC and FC pro¬ 
cesses exhibits an irreversible behavior. Values of the mag¬ 
netization after ZFC are obviously lower than those after FC, 
The ZFC and FC magnetization curves are coincident at high 
temperatures and are separate at low temperatures. The irre¬ 
versible phenomena observed here in the YFe 12 _ J Mo x series 
are similar to that in YFe 10 Mo 2 . 9 Moreover, the freezing 
temperature T f , which is marked by the arrows at the cusps 
of the ZFC curves in the figure, decreases with decreasing 
Mo concentration. 

Figure 2 shows the temperature dependence of the ZFC 
and FC magnetization curves in different applied fields for 
the YFe 95 Mo 25 compound. It can be seen that Tf decreases 
with increasing applied field. Even if the applied field goes 
up to 6 T, the irreversible behavior does not vanish. This is 
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FIG. 1. Temperature dependence of the magnetization of YFeu-jMo, by 
zero-field cooling and field cooling. The arrows mark the freezing tempera¬ 
ture T f . 


different from the case of YFe 10 Mo 2 , observed by Christides 
et al., 9 where the irreversible phenomenon disappeared when 
the applied field went up to 0.7 T. 

Understanding the magnetohistory effects observed in 
rare-earth transition-rnetal intermetallic compounds has been 



FIG. 2. Temperature dependence of magnetization of YFe 95 Mo 25 by zero 
field cooling and field cooling in different applied fields. The arrows mark 
the freezing temperature T f . 



FIG. 3. Temperature dependence of magnetization of YFe^Mojs by zero- 
field cooling for thermal demagnetized ingot (solid line) and magnetized 
ingot (dashed line). The arrows mark the freezing temperature T f . 


an interesting subject for scientists working on magnetism. 
The magnetohistory effects may be described in terms of 
cluster glasses 10 or in terms of the narrow-Bloch-wall. 12,13 
For the magnetohistory, effects observed in RFe 10 Mo 2 (R =Y 
and Lu) were explained in terms of cluster glasses by the 
authors in Ref. 9, which were established by a competition 
between the positive and negative exchange interactions due 
to the variation of Fe-Fe distances in different lattice sites, 
since the Fe-Fe interactions with short interatomic distance 
(~0.24 nm) may cause the antiferromagnetic coupling, but 
the authors did not explain why there is no magnetohistory 
effect in GdFe 10 Mo 2 which has similar lattice parameters to 
YFe 10 Mo 2 . 3 A recent neutron-powder-diffraction study on 
YFe 12 ^Mo/ at a temperature of 10 K showed that all the 
Fe atomic magnetic moments are parallel over the three crys¬ 
tallographic sites. This does not support the proposal made 
by the authors in Ref. 9. For the cluster glass model, the 
magnetohistory effect is independent from the magnetic do¬ 
main structure. Figure 3 shows two types of ZFC curves for 
YFe 9 . 5 Mo 2 5 . It can be seen that at 1.5 K the thermal demag¬ 
netized ingot has a lower magnetization value than the ingot 
magnetized in a field of 6 T at 200 K. This indicates that the 
magnetohistory effect observed here is associated with the 
distribution of the domain wall. Therefore the narrow-Bloch- 
wall model may be suitable for explaining the magnetohis¬ 
tory effects in YFei^Mo*. 

The neutron-powder-diffraction study on YFe 12 _ x Mo x 8 
at a temperature of 10 K also showed that the Mo has an 
atomic magnetic moment of 1.0 fig which is antiparallel to 
the Fe-sublattice magnetization and the Mo atoms are mainly 
distributed on 8i sites. The distribution of Mo substitution in 
the iron sites in YFe 12 _ i Mo i may cause the necessary fluc¬ 
tuation of the exchange interaction and anisotropy to form 
the pinning of domain walls, so that irreversible magnetic 
behavior occurs at low temperatures. This is similar to that 
observed in YCo 2 Ni 3 . n If the nonmagnetic Y is replaced by 
magnetic R, which enhances the relative value of magneto¬ 
crystalline anisotropy to exchange interaction, the magneto- 
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history effects in RFe 12 _ i Mo x can be expected. We have 
found that the magnetohistory effects do exist in 
RFej 2 _ x Mo x with light rare-earth R =Pr, Nd, and Sm. 16 The 
reason for the absence of magnetohistory effects in 
GdFe 10 Mo 2 9 may be attributed to the magnetic Gd 3+ which 
couples antiparallel to Fe and parallel to Mo. The magnetic 
Gd sublattice smoothes the magnetic fluctuation caused by 
Mo atoms. 

In conclusion, magnetohistory effects in YFe 12 _ x Mo x (x 
=1.5-3.0) have been investigated and may be understood by 
domain-wall pinning. The experimental data give a strong 
evidence that magnetohistory effects are related to the do¬ 
main structures rather than the cluster glasses. 
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Time dependence of magnetization in ferromagnetic materials was first described towards the end 
of the 19th century. Subsequently, two types of mechanisms responsible for time dependent 
behavior were identified and became known as “diffusion” and “fluctuation” after-effect or 
viscosity. The former depends on thermally induced motion of impurity atoms. The latter is a 
consequence of thermal activation of irreversible domain processes such as domain-wall motion and 
the nucleation of domains of reverse magnetization. Fluctuation viscosity affects, to a greater or 
smaller extent, all magnetic materials subject to hysteresis. In the late 1940s descriptions of 
magnetic viscosity in terms of fluctuation fields (Neel) and activation energy distributions (Street 
and Woolley) were developed. The two approaches will be described. An analysis of the time 
dependent phenomena exhibited by magneto-optical films will be presented as a simple example of 
the application of activation energy modeling. 


I. INTRODUCTION 

Two different types of magnetic viscosity or after-effect 
have been recognized. The first observations of the time de¬ 
pendence of magnetization in a constant field were made by 
Ewing 1 and Rayleigh 2 in their measurements of the magnetic 
properties of soft magnetic materials. Later Preisach 3 and 
others observed a different kind of time dependence in the 
magnetization of harder magnetic materials. Different pro¬ 
cesses are invok ed in the two effects. In the first, magnetic 
processes are affected by the diffusion of impurity atoms and 
the temper ature dependence of the magnetic effects are typi¬ 
cal of diffusion processes. The phenomenon underlying Prei- 
sach’s observations affect all magnetic materials which ex¬ 
hibit hysteresis. The magnetization processes of these 
materials exist in metastable states which transform to stable 
states by a combination of field induced transitions and ther¬ 
mal activation. Under constant field conditions the evolution 
of magnetization is the result of thermal activation of irre¬ 
versible magnetization processes. Observations of magnetic 
viscosity are made by measuring the magnetization M{t) as 
a function of time elapsed after a discontinuous increment of 
magnetic field. In many cases, over restricted ranges of 
elapsed time, 

M(t)=S In / +const, (1) 

where the parameter S depends on the point of measurement 
on the magnetization curve. S also depends on the demagne¬ 
tization factor of the sample on which measurements are 
made. 

Two independent descriptions of the effects of thermal 
activation on magnetization were given by Street and 
Woolley 4,5 and Neel. 6,7 The latter considered the effects as¬ 


sociated with thermally induced random fluctuations of spon¬ 
taneous magnetization vectors in terms of a fluctuation field: 

H(t)=H f (Q + lnt), (2) 

where Q is a constant and H f is known as the fluctuation 
field. The time dependence of irreversible magnetization is 
obtained in terms of the irreversible susceptibility as 

= x,„ H(t)~S In t+ const, (3) 

where S=x m Hf- 

In the approach adopted by Street and Woolley to mag¬ 
netic viscosity, thermally activated rate processes involving 
metastable states with a distribution of activation energies 
are considered. Thus N(E) dE is the number per unit vol¬ 
ume of metastable states having, at a given field H, activa¬ 
tion energies lying between E and E + dE. 


II. MODELS 

A domain model exhibiting field dependent metastability 
is based on the work of Stoner and Wohlfarth 8 in which they 
examined the magnetic behavior of anisotropic single do¬ 
main particles. The results of many studies of magnetic vis¬ 
cosity have been discussed in terms of this model. A simple 
case of an aligned uniaxial domain subjected to a demagne¬ 
tizing field H is shown in Fig. 1. It is assumed that the 
magnetization proceeds by coherent rotation. 

In the case of an assembly of noninteracting aligned par¬ 
ticles with a distribution of volume f(V) dV, the distribution 
of activation energy at a fixed field will be given by 
Kf(V) dV (1 -H/H k ) 2 . The variation of the activation en¬ 
ergy £ as a function of H is shown in Fig. 2. The activation 
energy distribution functions at two different values of field 
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FIG. 1. Energy of an aligned uniaxial domain as a function of the angle 
between the field and the magnetization vector at two different fields. The 
activation energy for reversal is indicated. 


are also indicated. It is clear that determination of the field 
variation of activation energy requires measurements to be 
made at constant values of magnetization. 

Other examples of magnetization processes which in¬ 
volve metastable states include domain-wall motion subject 
to weak and strong pinning 9,10 and the nucleation of domains 
of reverse magnetization. 11 

As noted by Street and Woolley 4,5 the rate of transfor¬ 
mation of metastable to stable states is given by 

j ( N(E)dE~-f l) N{E)dE exp( - , (4) 




FIG. 2. (a) Activation energy as a function of demagnetizing field for an 
aligned uniaxial domain. The distribution of activation energies due to a 
distribution of volumes is indicated at two values of field, (b) The distribu¬ 
tion of activation energies at two values of field. To determine BE/dH, 
measurements must be made at constant magnetization, represented by the 
shaded area. 


FIG. 3. The distribution of energy barriers N(E)lp as a function of E/kT 
for various values of time after a discontinuous step change in field. The 
model assumes that at r=0, N(E)=p for all E. For values of tf 0 > 1 the 
curve sweeps out equal areas in equal logarithmic increases in time (the 
shaded regions). 


where / 0 is the attempt frequency, assumed to be constant. 

The solution to Eq. (4) is 

N(E)=N 0 (E)cx p[ - tf 0 exp( -E/kT)], (5) 

where N 0 (E) is the initial number of metastable states per 
unit volume with activation energies lying between E and 
E+dE at r=0. 

For the case that the initial value of the distribution func¬ 
tion N 0 (E) is independent of E and equals a constant p, Eq. 
(5) becomes 

N(E)/p=exp[-tf 0 zxp(-E/kT)]. (6) 

The variations of the ratio N(E)/p as a function of E/kT 
with the dimensionless product tf 0 as parameter are shown 
in Fig. 3. Assuming that each successful activation makes the 
same contribution to the magnetization, the total change in 
magnetization of the assembly from time t=0 to t x is pro¬ 
portional to the area between the curve at t = t l and the 
N(E)/p axis. For values of me para neter r/ 0 §> 1 the curve 
sweeps out equal areas in equal logarithmic increases in 
time. That is, the magnetization increases logarithmically 
with time in accordance with the experimentally observed 
variation, Eq. (1). Making the simplifying assumption that 
each successful activation i wolves a change in magnetic 
moment p, the viscosity parameter S is given by 

S=/j,pkT. (7) 

Changes in magnetization may also be achieved by tep- 
wise changes in the applied field A//. It may be shown that 
the irreversible susceptibility * irr is given by 12 

BE 

Xin=fip dH' (8) 


Hence 


S _ kT 
X~~ Hf ~dEjm’ 


(9) 


cf. Eq. (3). 

Conventionally, the quantity Hf has been derived from 
measurements of 5 and x, rr . The operational definition of x m 
to be substituted in Eq. (9) is a matter of some uncertainty in 
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materials, such as high coercivity permanent magnets, which 
exhibit pronounced time dependence of magnetization. It has 
been shown that in this context, 13 

dMn " ( 10 ) 


Afirr 


dH 


M 


An alternative method of deriving values of Hf from experi¬ 
mental observations of time dependence is discussed by 
Folks and Street. 14 

At a given point on a magnrJzation curve, H f is a mea¬ 
sure of dE/dH, the variation ' an field of the activation en¬ 
ergy of the irreversible metastable processes which are active 
at that point. For example, the dE/dH vs H curve for an 
assembly of aligned Stoner-Wohlfarth domains is given by 
the slope of the £ ac vs H curve of Fig. 2, i.e., a linear de¬ 
crease as the magnitude of the reverse field is increased. In 
the case of the activation of aligned nuclei of reverse mag¬ 
netization, 
dE 

= vM sp , ( 11 ) 



FIG. 4. The decay of magnetization with In t for a uniaxial perpendicular 
thin film at various fixed values of field. The coercivity : s clearly ' : me 
dependent. 


2 exp(-r7r) = /n c -l-l, (14a) 

where t' =time at which m=m c for a given value of r. Thus, 


where v and M sp are the volume and spontaneous magneti¬ 
zation of the nucleus. 

Some interesting features arise from the study using an 
activation energy model of the time dependence of a system 
in which the metastable states all have the same value of 
activation energy E(H). Specifically, we consider a thin film 
in which there exist identical uniaxial grains each of volume 
V. The magnetic moment of a grain VM S may be aligned 
only either in a positive or negative direction with respect to 
the normal of the plane of the film. 

Let N, be the total number of grains per unit volume of 
the film and N + and AL be the number of grains per unit 
volume aligned in the positive and negative directions, re¬ 
spectively. Then N t -N++N. = l/V and the intensity of 
magnetization of the film when N=N+ is given by 

M=N,VM S (2N/N 0 -1) 

or 

m = 2n-l, (12) 

where 

m=MIM s 

and 


n=N/N 0 . 


The rate equation is 

dn E(H) 


(13) 


Solving Eq. (13) and substituting for n from Eq. (12) gives 
m = 2 exp(-f/r)-l, (34) 

where 


r= 


r xp 


E(H) 

kT 


The variations of m as a function of Inf with E(H)/kT as 
parameter are shown in Fig. 4. 

£ as a function of H may be derived from Eq. (14) by 
considering constant m=m c conditions which implies 



Substituting for r from Eq. (14) gives 


t' exp 


E(H) 

kT 



ro c +l j 


= const. 


Hence 


(14b) 


(14c) 


In t'-E{H)/kT= const. 


(15) 


The derivative of both sides of Eq. (15) with respect to H 
may be cast in the form 


A 


In f'= 


1 dE 


kT dH 


A//. 

M 


U6) 


The associated values of A H and A Inf' in Eq. (16) are 
derived from the constant values of H associated with suc¬ 
cessive m vs In t curves and the In t coordinates of the points 
of intersection of the line m = m c with those curves. 

The value of Hf may be derived from the gradient of the 
curve A H vs In t since 


kT 

WdHU 


In /' = Hf In f'. 


(17) 


III. EXPERIMENTAL APPLICATION TO THIN FILMS 

^he above analysis has been applied to study the time 
dependence and mechanisms of magnetization reversal in 
Tb-Fe-Co films by Brown e/a/. 15 Magneto-optic magneto¬ 
meter measurements were made of the time dependence of 
the magnetization of thin films of Tb-Fe-Co when subjected 
to various fixed values of reversing field. The experimental 
results obtained using a 48.5 nm thick film of 
Tb o. 22 ( Fe o. 9 Coo.i)o .78 are shown in Fig. 5. Associated values 
of H a and In /', obtained from the intersections of the ex¬ 
perimental curves with lines m=m c within the range 
-0.9*Sm c =s0.9, are plotted in Fig. 6. The average of the 
five values of H f is 87.3 ± 1 Oe. It follows that the activation 
energy of the process responsible for magnetization reversal 
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FIG. 5. Experimental results for the decay of magnetization with In t at 
fixed values of reversing field for a 48.5 nm thick film of 
Tb 0 22 (Feo,C° 01 )o 78 - Note the similarity with Fig. 4. 


in this film is a linear function of field, at least over the 
measured range of 8.55-8.76 kOe, and within the range 
-0.9 s £/n ( .=s0.9. This observation is consistent with the 
view that magnetization reversal proceeds by activation of 
reversal of magnetization in regions of constant volume v. 
Using a value of 86 G for the spontaneous magnetization of 
the material of the film, v was found to be 5.5X10" 18 cm 3 , 
the volume of a sphce of diameter 22 nm. 

Labrune et al. 16 have also measured the time dependence 
of magnetization processes in rare-earth-transition-metal al¬ 
loys including alloys of Gd-Fe and of GdTbFe. Application 
of the above analysis to their results, which are given in 
detail for a GdTbFe film, show that at m = 0 a linear relation 
exists between A H and In t' [Eq. (16)], leading to a value of 
Hf— 18.9 Oe. It appears in this case that H f is not indepen¬ 
dent of m, decreasing by approximately 10% as m decreases 
from 1 to -1. 

The apparent coercivity H c of magneto-optic films, i.e., 
that field at which the holomagnetization is zero, depends on 
the time at which the measurement of m is made after the 
reversing field is switched on. The shorter the time, the 
higher the apparent coercivity will be. There exists a limiting 
field H l for which the activation energy is zero. In this cir¬ 
cumstance, reversal of magnetization will occur in a time 
'= l//o- 



FIG. 6. Associated values of H a and In t from the intersections of lines of 
constant m with the experimental curves in Fig. 5. The average slope of the 
five lines is 87.3±1 Oe, which is equivalent to the fluctuation field H f . 



FIG. 7. The Barbier plot of In H f vs In H L for the data of Labrune et al (see 
Ref. 16). The slope of the line is 1.22. 


The value of H L may be calculated using Eq. (17) as¬ 
suming that the value of H' c , say at time t -1 s, is known 
and that the value of Hf remains constant over the field range 
H' c toH L : 

H L =H' c +H f \nf 0 mH' c + 2lH f , 
taking /o^lO 9 Hz. 

In the case of the TbFeCo film considered above, 
\H l \ = 11.01 kOe. 

Labrune et al. 16 have provided data for 11 different 
samples of GdFe and GdTbFe alloys having values of H c 
ranging from about 200 to 1300 Oe. These data have been 
used to construct the Barbier plot of In H L vs In H f shown in 
Fig. 7. The slope of the line is 1.22. Wohlfarth 17 found in an 
analysis of a Barbier plot of data for different materials with 
coercivities ranging from 1 to 1000 Oe that the slope was 
1.37. 

Extension of the activation energy analysis of the mag¬ 
netic properties of thin films leads to information on the 
mechanisms responsible for the growth of regions of reverse 
magnetization. ,16 Details of the fractal or other nature of 
the magnetization of thin films may also be obtained from 
observations of time dependent behavior. 

IV. CONCLUSIONS 

The important information derived from magnetic vis¬ 
cosity measurements concerns the variation of the fluctuation 
field Hf as a function of magnetic state parameters. Reliable 
values of H f , derived from the slope of M vs In t curves and 
irreversible susceptibility Xu, as Hf-S/x,„, can only be ob¬ 
tained when *, rr is carefully defined as dM m l 3H\ M ^. 

The value of measurements of Hf lies in the fact that its 
definition involves dEIdH\ M , the variation with field of the 
activation energy of the metastable states responsible for ir¬ 
reversible magnetization at the point of measurement. It then 
becomes possible to check numerical values of 3E/oH\ u 
against the predictions of postulated models of magnetic be¬ 
havior. 

The application of activation energy modeling of mag¬ 
netic behavior of some magneto-optic films is particularly 
simple. It produces information on the growth of magnetized 
regions and the micromagnetic structure of the films. 
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Analysis and interpretation of time dependent magnetic phenomena 
(invited) 

L. Folks and R. Street 

Research Centre for Advanced Mineral and Materiuls Processing, The University of Western Australia, 

Nedlands 6009, Australia 

Time dependence of intensity of magnetization is the result of thermal activation of metastable 
domain processes. The simple (M,H) representation of magnetic behavior may be extended to 
include time dependent effects using a constitutive equation. Magnetic processes may be described 
by the movement of a point over a three-dimensional surface with coordinates M , H, and M. The 
parameters required to define the surface, A (or fluctuation field H { ) and x, n'ay be derived from 
measurements of the time dependence of magnetization. A review of the utilization of the 
constitutive equation is given and simple methods for obtaining the material parameters from 
conventional magnetic viscosity measurements (under constant applied field conditions) are 
described. Measurements of A in particular provide additional quantitative information on 
magnetization processes which may be compared with predictions of proposed models of 
magnetization. The results of measurements of A and susceptibility x for Cr0 2 powders and sintered 
and melt-quenched rare earth-transition metal borides are presented. Conclusions about the 
magnetization mechanisms of these materials are discussed. 


I. INTRODUCTION 

Hysteresis in ferromagnets arises from domain processes 
which progress through states of metastable equilibrium. Ex¬ 
amples are 

(1) coherent or incoherent rotation of magnetization in 
single domain particles (Stoner and Wohlfarth 1 ), 

(2) pinning and unpinning of domain boundary walls 
(Gaunt 2,3 ), and 

(3) nucleation of domains of reverse magnetization 
(Chikazumi 4 ). 

Transitions fr n metastable to stable states may be 
achieved by the supply of activation energy, for example, by 
changing the applied field or by thermal agitation. At con¬ 
stant field, thermal activation alone may lead to significant 
variations in magnetization, amounting in some cases 5 to 
greater than 20% of the saturation magnetization in 10 2 s. 
Time dependence of magnetization under constant field con¬ 
ditions is referred to as magnetic viscosity or magnetic after¬ 
effect. All ferromagnets subject to hysteresis exhibit time 
dependence of magnetization to a greater or lesser extent. As 
a general rule time dependent behavior is more pronounced 
in higher coercivity materials (Barbier 6 ). It follows that the 
representation of the magnetic behavior by (M vs H) data is 
incomplete in that time dependence is neglected. Investiga¬ 
tions of magnetic viscosity were described by Street and 
Woolley 7 in 1948 and Neel 8 in 1949 and led to phenomeno¬ 
logical descriptions of time dependent behavior in terms of 
distributions of activation energies and fluctuation fields, re¬ 
spectively. 

Estrin et al. 9 developed an alternative approach by anal¬ 
ogy with the phenomenological description of plastic defor¬ 
mation of crystals. The magnet analog of plastic strain and 
stress were taken as the irreversible component of intensity 
of magnetization M m and the internal magnetic field H, act¬ 
ing on the sample, respectively. The time dimension was 
introduced through M irr , the choice of which was determined 
by the Arrhenius relation 


I E(H)\ 

M m (E)=M in (E 0 )exp(-—j, (1) 

from which 

E(H) 

lnM m (E) = l n M m (E 0 )-~, (2) 

where M m (E 0 ) is the rate of change of M m for activation 
energy E(H)= 0. 

Then, the constitutive equation of state is written in dif¬ 
ferential form: 


1 

dH=-rdM m +K d In(M lir ), 

Xin 

where 


(3) 


i 

X'm~ 


OH, 


and A = - 


dH, 




d In M 




(4) 


Hence isothermal magnetization behavior may be repre¬ 
sented by the movement of a point on a three-dimensional 
surface in ( M,H,M ) space defined by Eq. (3), for which the 
intrinsic irreversible susceptibility x\ n an ^ A are required as 
functions of M. The functional dependence of both the in¬ 
trinsic irreversible susceptibility ^' it[ and A can be deter¬ 
mined from magnetic viscosity measurements. In this paper 
the use of the constitutive equation to describe the field and 
time dependence of magnetization is discussed. 

II. MAGNETIC VISCOSITY MEASUREMENTS 

The constitutive equation may be applied to predict the 
behavior of magnetic systems subject to specified time con¬ 
straints and initial conditions, e.g., predictions of the M vs H 
curves as the field is varied at uniform rates (conventional 
hysteresis curves). 10 Conventionally, measurements of mag¬ 
netic viscosity are carried out at constant applied field, i.e., 
during the measurements, H a - 0. The solution of Eq. (3) for 
M as a function of t requires the specification of the initial 
values of M m and A/, rr at the origin of time for the measure- 
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ment. For simplicity, consider a specimen which has zero 
demagnetization factor. Then H,=H a =0 and the differentia¬ 
tion of Eq. (3) leads to 

H t =—M K „+A-r^=0. (5) 

Ain "^irr 

The solution of Eq. (5), assuming that A and x\ n arc inde¬ 
pendent of M during a magnetic viscosity experiment, is 

Af,„=M irr (0) + A,v| rr ln(r+r 0 ), (6) 

where Af irr (0) is the value of M m at t =0 and t 0 
= Ati/MJP). M irr(O) is the rate of change of irreversible 
magnetization at f=0. 

Equation (6) may be written as 

A/ irr =const+5(0)ln(r+r 0 ), (7) 

where 


5(0) = A^„. 


( 8 ) 


It is customary to present magnetic viscosity data in the form 
of M(t) vs ln(/) graphs. It follows from Eq. (7) that M(t) 
will be a linear function of ln(r) only for times of observa¬ 
tion /S>r 0 [=5/A/,„(0)] and when 5 is constant over the 
range of values of M in observed during a magnetic viscosity 
measurement. Nonlinear M(t) vs ln(r) curves arising from 
both these causes have been observed. 5,11 

An expression for the parameter A, which has dimen¬ 
sions in Oersteds, introduced in the constitutive equation (3) 
may be obtained by differentiation of Eq. (2) with respect to 
Hi by 


d In A/„ 


dH, 


1 dE(Hi) 




kT dH, 




1 

A’ 


i.e., 


dE 

dH, 




kT 

X' 


(9) 


( 10 ) 


The slope of the M m vs In (t + t 0 ) is written 5(0) to denote 
that it applies to measurements on specimens with demagne¬ 
tizing factor D=0. 

The parameter A is directly related to the field depen¬ 
dence of the activation energy required to activate the irre¬ 
versible domain processes responsible for magnetic viscosity 
effects. The value of (dE/dHj )| Wn is determined by the 
physical nature of the domain processes involved. Expres¬ 
sions for dEIdH for different models of magnetization be¬ 
havior may be calculated and compared with measured val¬ 
ues of A. In Neel’s model of viscosity 8 the effects of thermal 
energy on magnetization were represented by a fictitious 
fluctuation field Hj which is identical with the parameter A. 

For example, consider a material consisting of aligned 
uniaxial ferromagnetic grains with spontaneous magnetiza¬ 
tion M spom initially magnetized in the positive direction. If 
demagnetization proceeds by reversal of magnetization from 
nuclei of negative magnetization of fixed volume v then, 


dE 

dH 


V ‘^spoilt • 


( 11 ) 



*=" H max pj 0 


FIG. 1. Illustration of determination of A from experimental data. 


From Eq. (10) for this idealized model, 


kT 

A -If spor,! 


( 12 ) 


Thus, in principle, additional quantitative information about 
the mechanisms of magnetization may be obtained from 
measurements of A. 

Cammarano 12 has pointed out the interrelation of A and 
\ which arises from consideration of Eq. (3) as a perfect 
differential, i.e., 


d 

d In M,„ 



d 

-(A). 

dM m 


(13) 


It follows that if A is constant independent of M then is 
independent of M,„. A characteristic feature of many perma¬ 
nent magnet materials is that A is constant over large ranges 
of values of M. Also, within these ranges of M it has been 
shown that experimental values of are independent of 
M m as predicted by Eq. (13). 13 


111. FINDING A AND * 

Using the definitions given in Eq. (4), A and ^J rr may be 
evaluated from data obtained from magnetic viscosity ex¬ 
periments as illustrated in Fig. 1. In order to construct these 
graphs, which are almost invariably derived from results of 
measurements on specimens with nonzero demagnetization 
factors D, it is necessary to account for the demagnetizing 
fields, i.e., H,=H a -DM {0X where A/ t0 , is the measured in¬ 
tensity of magnetization, and it is also required to derive 
values of M m as (A/ lot -A/ rev ), where Af rev is the reversible 
component of intensity of magnetization. 

The variation of magnetization for a specimen with de¬ 
magnetization factor D may be derived from the constitutive 
equation as 

A/, o «=A/, ot (0) + ^M(0)ln(l + ^j, (14) 

where 
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Ajdrr 1 

M(0) (l+Dxiy 


The values of the susceptibilities are obtained from slopes of 
the M vs H curves taken at constant M m . 

The variation of M tot is predicted to be a linear function 
of ln(r + t' 0 ) but the slope 


S(D) = 


l+Dxl 0 , 


S( 0) 

1 +£*!„,' 


Mxl-X° tv ) 


If DXkm^ 1, then 



(16) 


Equation (16) has been widely used to determine A. How¬ 
ever, it follows from the above that unequivocal values of A 
will be obtained from Eq. (16) only if *f ot is evaluated as 

The magnetic viscosity data required to construct graphs 
of the form shown in Fig. 1 may be obtained by measuring 
the time dependence of magnetization at different constant 
values of applied field on both the initial magnetization (first 
quadrant) curve and the demagnetization (second and third 
quadrant) curve. Measurements are made using a vibrating 
sample magnetometer under computer control. If a demag¬ 
netizing curve is to be measured, the sample is first exposed 
to a saturating field in the positive direction. Then the field is 
ramped to some negative value and held constant while the 
magnetic viscosity is recorded. A small recoil curve is then 
performed by ramping the field first in a positive direction by 
an amount which is small compared to A, then in a negative 
direction back to the measurement field. The field is then 
either ramped in a negative direction to the next measure¬ 
ment field and the process repeated (called a “multiple step 
per loop” experiment) or cycled through negative saturation 
and back to positive saturation before continuing to the next 
measurement field (called a “single step per loop” experi¬ 
ment). The small curves are used to estimate *“ ev at the mea¬ 
surement field. The experimental technique is illustrated in 
Fig. 2. 

Some care should be taken with sample preparation in 
the case of bulk materials as the condition of the surface and 
nonuniform magnetization may have a significant impact on 
the magnetic behavior. 14 It is best that measurements of bulk 
materials be performed on well polished spheres 15 so that the 
impact of the surface is minimized and the demagnetizing 
factor is known. Then Eq. (16) may be used to find A. 


IV. RESULTS AND DISCUSSION 

The mechanisms of magnetization in permanent magnets 
and in particulate recording media are of continuing interest 
in the search for improved materials. Comparisons may be 
made of the measured values of the parameters A and x with 
those predicted by models of magnetic processes. 

For example, measurements performed on a sample of 
acicular Cr0 2 particles, commonly used as a recording me¬ 
dium, are shown in Fig. 3. The specimen, of volume 0.134 
cm 3 , was prepared by embedding 0.120 g of Cr0 2 powder in 



FIG. 2. Schematic of experimental technique. The magnetic viscosity is 
measured at a constant value of H a for a period of time. Then the applied 
Held is ramped towards zero by a small amount and the apparent reversible 
susceptibility determined from the slope of Af lot vs H a . The field is then 
ramped in a negative direction to the next measurement field. 

paraffin wax, hence the average density of Cr0 2 in the speci¬ 
men was 0.895 gem -3 . The magnetization curve and the 
hysteresis curve for this sample are shown in Fig. 3(a). Fig¬ 
ure 3(b) shows the values of A, calculated as described 
above, as a function of the 1 oecific magnetization cr during 



o (emu/g) 


FIG. 3. (a) Magnetization curve and hysteresis curve for Cr0 2 particles 
measured at room temperature with a maximum field of 50 k.Oe and a ramp 
of 450 Oe/s. (b) A vs specific magnetization for Cr0 2 particles at room 
temperature with a maximum field of 50 kOe. 
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the magnetizing of the sample (from a thermally demagne¬ 
tized state) and the demagnetization curve. Over the range of 
specific magnetization from +20 to -20 emug -1 for the 
demagnetizing curve, the results reported here may be repre¬ 
sented by a line A=8.52+0.02 a. Within experimental error, 
for initial magnetization A is independent of <r within the 
range 0 to -25 emu g -1 and its value is 8.7±0.4 Oe. 

The Cr0 2 particle volumes V, estimated from SEM im¬ 
ages, are about 4X10" 16 cm 3 compared with the value of 
6.2X10" 16 cm 3 reported by de Witte et al. 16 The activation 
volume v calculated from Eq. (12) using A=8.6 Oe and 
M sp on t =330 G is 1.5X10" 17 cm 3 which is about 4% of the 
particle volume. A similar ratio was obtained by de Witte 
et al. 16 

As another example, the hysteresis curve and the varia¬ 
tion of A with M in for a polished 5 mm diameter sphere of 
sintered Pr 2 Fe 14 B material are shown in Fig. 4. Over the 
range +400 to -400 G, A=99.5-0.02 M m . Over this range 
the activation volume, calculated from Eq. (12) using 
A/ spont = 1100 G, u=3.79X10 -19 +6.26X10“ 23 M m , has lin¬ 
ear dimensions corresponding to about six crystalline unit 
cells. 17 Givord et al. ls have related v to where S is the 
average domain-wall width in the material. For sintered per¬ 
manent magnet materials of the Nd-Fe-B type initial magne¬ 
tization involves the movement of domain boundary walls 
through individual grains. The discontinuous nature of this 
motion has been observed in the form of Barkhausen 
pulses. 19 Attempts to observe time dependent behavior here 
have been unsuccessful, presumably because of the small 
values of activation energy required to release the domain 
walls from pinning centers within the grains. Values of 
Air,l a/ irr as functions of M- m are shown in Fig. 4(c). The dif¬ 
ferent symbols represent measurements made at different 
values of M m . All the values lie on the same curve which, 
since A is almost independent of M m , is a consequence of 
Eq. (13). 

Towards the ends of the ranges of magnetization it is not 
possible to make accurate measurements of A or since 
the curves of constant M m converge and Eq. (4) becomes 
difficult to evaluate with certainty. It follows that for a given 
material there is a limited range of magnetization over which 
reliable measurements of A and y itI may be made. 

The observations on both Cr0 2 and Pr 2 Fe i4 B show that 
A is approximately constant over a substantial part of the 
total change of intensity of magnetization. These results are 
consistent with the assumption that the major part of magne¬ 
tization reversal in both materials results from activation of 
nuclei of reverse magnetization having volumes which are 
substantially independent of M. There is additional evidence 
to support this supposition in the case of Pr 2 Fei 4 B, specifi¬ 
cally the ease with which the material may be magnetized 
and the dependence of coercivity on the maximum magne¬ 
tizing field. 20 

The case of magnetization reversal of acicular particles 
has been considered by Sharrock. 21 He notes that theoretical 
studies by Schabes and Bertram 22 have concluded that a 
strong field applied to one end of an acicular particle tends to 
switch the magnetization of the entire particle by means of a 
propagating magnetic reversal—a microscopic analog of the 
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FIG. 4. Measurements of a sample of sintered Pr 2 Fe 14 B at room temperature 
with a maximum field of 50 kOe and H a =450 Oe/s. (a) A hysteresis curve, 
(b) A vs . (c) vs M m at many values of ,W in as indicated in the 
legend. 

classic Sixtus and Tonks experiment. 23 A mechanism of this 
kind would be consistent with the proposition that magneti¬ 
zation reversal may be initiated by thermal activation in a 
small volume of the particle. 

V. SUMMARY 

Time dependent magnetization may be analyzed in terms 
of a constitutive equr (ion involving variables H ,, M m and 
two parameters A(Af irr ) and x'mi^in)- The functions A (M m ) 
and x\n(M m ) ma y be determined experimentally from mag- 

L. Folks and R. Street 







netic viscosity experiments. For representative magnetic re¬ 
cording media (QO2) and high-energy permanent magnet 
materials (PrFeB) the A(M irr )s are found to be slowly vary¬ 
ing functions of M m and the are peaked around 

M iir =0. 

The constitutive equation with values of A(M in ) and 
x\ n (M in) for a particular material may be used to analyze its 
time dependent magnetization with given external con¬ 
straints, e.g., with an applied field ramped at a uniform rate 
or under impulsive field conditions. 
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Ubiquitous nonexponential decay: The effect of long-range couplings? 
(invited) 
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Many physical systems exhibit a dynamic response referred to either as slow relaxation, a 
quasilogarithmic time dependence, or a stretched exponential response. Historically this time 
dependence has been attributed to the presence of disorder which creates a distribution of relaxation 
times. In two papers [D. K. Lottis, E. Dan Dahlberg, J. Christner, J. I. Lee, R. Peterson, and R. 

White, J. Appl. Phys. 63,2920 (1988); D. K. Lottis, R. M. White, and E. Dan Dahlberg, Phys. Rev. 

Lett. 67,362 (1991)], we have shown that this time dependence can alternatively be explained to be 
a consequence of interactions or couplings. In the model, the interactions between relaxing spins, 
the dipole-dipole couplings, drive the system from an initial state towards equilibrium. As the 
system relaxes, the dipolar energy is reduced and the driving force diminishes. This process gives 
rise to the observed slow relaxation-time dependence in a very natural manner. To guarantee the 
absence of disorder, the model considers the dipolar coupling or interaction between relaxing spins 
with a mean-field approximation, the demagnetization field. Another feature observed in physical 
systems which the model explains is the nonmonotonic temperature dependence of the logarithmic 
decay slope. In addition to a description of the model, measurements to determine the presence of 
interactions in some of the systems will be discussed. 


I. INTRODUCTION 

A remarkable number of diverse physical systems ex¬ 
hibit the phenomenon which is referred to as slow 
relaxation. 1 The manifestation of this phenomenon is best 
explained graphically, as in Fig. 1, where the temporal decay 
of the remanent magnetization of an archetypal spin glass, 
AgMn, is shown. The system was prepared by cooling from 
high temperature to low temperatures with a magnetic field 
applied. This process results in a magnetization in the system 
known as the remanent magnetization. As can be seen, the 
field cooled magnetic state of the system relaxes after the 
removal of the cooling field with the remanent magnetization 
decaying quasilogarithmically with time. Other systems 
which exhibit this strange time dependence in response to an 
external stimulus include the trapped flux in 
superconductors, 2 the decay of the charge carriers in amor¬ 
phous semiconductors, 3 and the strain fields or structure in 
glasses and polymers, 1 to name a few. That these systems arc 
so diverse yet exhibit the same relaxation dynamics has con¬ 
founded researchers in their quest for a simple explanation of 
this phenomenon. 

We recently developed an explanation in which intci ac¬ 
tions or couplings between the relaxing entities are respon¬ 
sible for this seemingly ubiquitous time dependence. 4,5 In 
what follows, we will develop this view of slow relaxation 
starting with the simple Debye relaxation model. This will be 
followed by an extensive discussion of how it explains vari¬ 
ous observed features in physical systems. How to more 
fully test the applicability of the model is discussed at the 
end of the discussion session. 


II. INTERACTION MODEL SYSTEM 

As a starting point for understanding this phenomenon, it 
is useful to recall the expected response of a relaxing system, 
Debye relaxation. Debye relaxation can be understood by 
considering the relaxation of a collection of two level sys¬ 
tems with an energy barrier ( E b ) separating the levels as 
shown in Fig. 2. Each entity (one may call them either par¬ 
ticles, spins, or moments) in the collection acts indepen¬ 
dently of all others. If the system of N particles is prep rued 



t (rain) 

FIG. 1. An example of slow relaxation. The system is an alloy of 7.8% Mn 
in Ag The sample was cooled in a field of 3 kG which resulted in a rema¬ 
nent m. ’netization. The resulting r'ecay was observ’d after removal of the 
cooling field. 
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FIG. 2. A two level system with the energy minima separated by an energy 
barrier. This system provides a useful description for a number of physical 
systems and, in the absence of interactions, a collection of these systems 
with identical parameters exhibits an exponential time dependence. 


with all the particles in the higher energy state, it will relax 
to a distribution of particles in the higher energy state (or up 
state, E ,) and lower energy state (or down state, E_) where 
the ratio of the number of particles in the up state to the 
down state will be given by the Boltzmann factor, 
exp(-/?A£), where /? is k B T and A E is (£+-£_). The 
dynamics of this relaxation process depend upon the attempt 
frequencies for the particles in the up and down states to try 
to get over the barrier, w + and w_, respectively, in addition 
to the three energies defined above and in Fig. 2. By recog¬ 
nizing that the number of particles hopping over the barrier 
at any given instant from the up state to the down state de¬ 
pends upon the number of particles in that state at that in¬ 
stant, N + , one is led to the differential equation for dN + /dt, 

dN+ 

— = -w + A + exp [-£(£*-£ + )] 


+ w_W_ exp[-0(£ 6 -£_)]. (1) 

This differential equation includes the possibility for par¬ 
ticles in the down state to return to the up state. By assuming 
that the attempt frequencies w+ and are equal, and rec¬ 
ognizing that the total number of particles N=N+ + N _ , this 
equation can be rewritten as 

dN+ 

-£- = -wN + exp [-/?(£,,-£+)] 

+ w(tf-#+)exp[-/3(£ 6 -£_)]. (2) 

A solution to this differential equation leads to a decaying 
N + which is exponential in time, described by a single re¬ 
laxation time t; the ris of the form r=a>~ 1 exp(£ bamcr /Jt/’). 
This exponential decay is generally referred to as Debye re¬ 
laxation. Although this derivation ,s very straightforward, as 
stated earlier, many systems do not obey this relationship. 

Rather than abandon this simple model, it has long been 
the usual practice to assume distributions of energies £ + , 
£_, and E b which gives rise to a distribution of relaxation 
times, i.t., a distribution of r’s. As an example, a system 
containing five discreet r’s, each separated by a decade, pro¬ 
vides a quasilogarithmic relaxation over four decades in 
time. To illustrate this, Fig. 3 is the relaxation of a system of 
particles with equal numbers of particles having relaxation 
times of 0.1, 1,10,100, and 1000 s. This may seem to be a 



10000 


FIG. 3. The effects of disorder on exponential decay. This artificial relax¬ 
ation curve is the result of averaging the relaxation curves for five exponen¬ 
tial decays. The decay times are 0.1, 1, 10, 100, and 1000 s. Note that the 
quasilogarithmic time dependence is roughly a decade less than the number 
of decades in the average. 


rather large amount of disorder to be present in a physical 
system, but because the fs are exponential functions of en¬ 
ergy, this distribution corresponds to a spread in energy bar¬ 
riers of only one decade, approximately. Clearly, with this 
approach, most investigations of the relaxation processes of 
the various physical systems argue that the energy distribu¬ 
tion is the measured entity. For one example of this ap¬ 
proach, the temperature dependence of the relaxation rate has 
been used by the Grenoble spin-glass group to determine the 
energy distribution using T ln(r) scaling. 6 

An alternative view of slow relaxation was presented by 
some of us in a series of publications starting in 1988. 4 ’ 5 The 
fundamental premise for the model is that interactions, with¬ 
out any disorder, can result in the quasilogarithmic relaxation 
observed in so many physical systems. 

The model system we developed consists of a plane of 
spins or magnetic moments with an anisotropy energy such 
that the energy minima are with the moments aligned per¬ 
pendicular to the plane, i.e., the energy minima states are up 
and down states which are perpendicular to the plane. These 
spins interact through dipole-dipole interactions which are 
treated in a mean-field approximation. In the ground state 
this system contains no net magnetization, with one spin up 
for every spin down. When the system is saturated along the 
positive z axis, the demagnetizing field of the system will be 
along the negative z axis, driving the system back to equi¬ 
librium, Because the remanent field decreases as equilibrium 
is approached, the thermal energy needed to overcome the 
anisotropy energy barrier increases. This slows the relaxation 
process over time, leading to quasilogarithmic relaxation. As 
will be shown later, if there were no interactions the system 
would still relax but since the barriers remain at their maxi¬ 
mum height, the decay, with an exponential time depen¬ 
dence, would take a much longer time. 

In this model each moment has a uniaxial magnetic an¬ 
isotropy energy of the form -K u v cos 2 (0), where v is the 
volume of the spin grain, (f> the angle between the spin vector 
and the positive z axis, and K u a positive constant. This 
system of particles fits the two level model presented earlier; 
£ + and £_ occur at values of <p=0 and it and are degenerate 
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at an energy -K u v. Assuming coherent rotation of the indi¬ 
vidual magnetic moments, the energy barrier maximum E b 
occurs at ir/2 and has a value of 0. 

In the presence of an external magnetic field applied 
along the 4>=tt direction (taken to be the negative z-axis 
direction), the magnetic energy M s Hv cos(</>), where M s is 
the saturation magnetization of the spin grain, must be con¬ 
sidered in addition to the anisotropy energy. This gives a 
total energy per particle of 

E=-K u v cos 2 ( <f>) + M s Hv cos( <f >). (3) 

There arc two important changes when a magnetic field is 
applied. First, the energy minima are no longer degenerate 
although they still occur for 4>=0 and n. Second, the energy 
barrier is no longer at <f>= it/2. The value of <f> corresponding 
to E b is obtained by the usual process of differentiating and 
setting the result to zero. Using the E b determined above and 
the £ + and £_ determined from <f >-0 and ir, respectively, 
the differential equation which describes the dynamics of the 
moments is then given by 



FIG. 4, An example of a slow decay of the model system given by Eq. (5). 
For this decay the relevant parameters are /f=5xi0 ergs/cm, M =200 emu/ 
cm, T=300 K, u=2xl0' 18 cm 3 , and fc>=<v=2X10 4 s' 1 . Note that the decay 
is measured over nine decades in time. The inset in the figure is the tem¬ 
perature dependence of the logarithmic slope of the decay taken at a time of 
100 s. The nonmonotonic behavior of the slope is observed in magnetic and 
superconducting systems (see Refs. 12 and 2). 
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where N + is the number of spins pointing up, N- the number 
of spins pointing down, w + and w_ the attempt frequencies, 
and (3-l/K h T. This expression is an explicit development of 
Eq. (2) and would therefore describe the usual Debye relax¬ 
ation with an exponential time dependence as in Eq. (3). In 
general, the attempt frequencies for the + and - spins are 
functions of the applied magnetic field and are not equiva¬ 
lent. However, setting the w + and ro_ to be equal and inde¬ 
pendent of the applied field introduces little error as the re¬ 
laxation is dominated by the argument of the exponential, not 
the prefactor. Therefore in the remaining discussion they will 
be given by w. 

This expression, of course, neglects any coupling be¬ 
tween the particles. In particular, the dipole-dipole coupling 
between the magnetic moments of the particles is lacking. As 
the particles are arranged in a plane and restricted by the 
anisotropy energy to orient perpendicular to the plane, the 
dipolar interaction energy would be a minimum for the case 
where the alternating spins are antiparallel to each other, i.e., 
a dipolar antiferromagnet. In order to guarantee the absence 
of disorder, the dipolar couplings between the spins can be 
treated with an average or mean-field approximation, the de¬ 
magnetization field. For the limiting case of planar symmetry 
with the magnetization perpendicular to the plane, as is ap¬ 
propriate for the present situation, this gives a field of 
-4 ttA/ where M=M S (N + -N.)/N, where N is the total 
number of moments. Defining A N such that 
N + (-)=N/2 + (-)&N/2 (so AN=N + -N~), one obtains 


This nonlinear differential equation now describes the situa¬ 
tion where the magnetic field of the spins are driving the 
system to a state with equal numbers of up and down spins. 
As the relaxation progresses, the field which drives the sys¬ 
tem decreases and thus the relaxation slows down. The result 
of this decreasing drive field is shown in Fig. 4. This figure is 
a numerical solution to the differential equation with the pa¬ 
rameters listed in the figure caption. As shown, the relaxation 
rate slows down as the system relaxes. This quasilogarithmic 
time dependence occurs over six decades in time. 

Several comments are necessary concerning this relax¬ 
ation. The first is that although the data exhibit a quasiloga¬ 
rithmic time dependence, there is absolutely r.o disorder in 
the system. The couplings are treated in a mean-field ap¬ 
proximation such that it is only the average field, 
2 irM s AN/N, which enters the expression. The second is that 
various functional forms of slow dynamics must be consid¬ 
ered, and while the data here is plotted against the log of 
time, it can also be fitted to a stretched exponential over 
several decades. Maybe without much surprise, it would ap¬ 
pear that fitting to various functional forms of slow dynamics 
must be considered carefully before completely ascribing the 
behavior to a single one. Finally, for times longer than about 
4X10 4 s, the slowly decaying function becomes expo¬ 
nential. 7 This long time regime can be understood by consid¬ 
ering the limit in Eq. (4) where AN becomes small enough 
that the exponential is dominated by the K u . In this limit, the 
differential equation becomes linear and the decay is expo- 
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nential. In the other time extreme, at short times, the initial 
time dependence is a result of the attempt free lency a> cho¬ 
sen for the generation of this data (about 1P ; s _1 for this 
figure). 

The long time observation makes another point clear, 
that the relaxation is not slow; it is actually fast. If there were 
no interactions, the full energy barrier height would be 
present at all times; with interactions present, the barrier 
height is a function of the state of the system, but it is always 
less than it would be witho"t the interactions. To further 
explain, if two otherwise identical systems, one with and one 
without couplings, were prepared in a state with all the spins 
parallel, they would both relax to a state with equal numbers 
of up and down spins. The main difference is that in the 
system without interactions there v ould be little decay until 
the time decade which is equivalent to the relaxation time 
over the full barrier height. 8 

HI. DISCUSSION 

To summarize the constiaints of the model, we must note 
that it is for particles with constant magnetization, uniaxial 
anisotropy, and considers only coherent rotation for the mag¬ 
netization reversal process in a single particle. Although the 
model system certainly exhibits a reasonable time depen¬ 
dence, it is necessary to show that the model does have a 
basis in fact with physical systems. We have previously 
shown that the decay of the remanent magnetization in thin 
films of coCr can be fitted to the model over a limited mag¬ 
netization decay range. 5 However, the volume of the mag¬ 
netic entities, the only adjustable parameter in the fit, was 
several orders of magnitude smaller than that measured by 
electron microscopy. Although seemingly problematic, 
simple calculations show that this is a reasonable volume for 
a domain wall in one of the cobalt rich particles in the CoCr. 
This would indicate, at the very least, that the coherent rota¬ 
tion assumption is incorrect, a fact consistent with observed 
domain reversal in small particles. 

Another feature which appears in many systems which 
exhibit this slow relaxation is a nonmonotonic decay slope. 
This feature is usually considered anomalous since one 
would expect any thermally activated process to accelerate at 
higher temperatures. However, the magnetization decay in 
superconductors, 2,9 ferrofluids, 11 ' and the CoCr alloys 11 ex¬ 
hibits a maximum as a function of temperature. This charac¬ 
teristic has been used as evidence that there is a collective 
transition of the decaying system. In the present model, this 
anomalous feature occurs in a very natural fashion for the 
following reason. 

All experiments are constrained to measure the decay in 
a fixed time window. For example, in a SQUID magnetome¬ 
ter measurement, it may be that the measurements start ap¬ 
proximately 1 min after a change in the external field. The 
measurements may then proceed for times up to hours or 
days. In any event, the time range of 1 min-1 day sets the 
measurement time window, and the decay slopes at all tem¬ 
peratures and initial states are defined in this window. At low 
temperatures, even though the interactions may be large, 
there is not enough thermal energy for the system to decay in 
the time window. At sufficiently high temperatures, the decay 


process is so rapid that, by the time the measurements start, 
the system has already relaxed, and again in the time window 
of the measurements, there is no measurable decay. Between 
these two extremes the decay rate measured in the time win¬ 
dow goes through a maximum. If one could measure the 
initial decay rate, which occurs at zero time, it would con¬ 
tinue to increase. The inset in Fig. 4 shows the temperature 
dependence of the decay slope from the model at the fixed 
time of 100 s (or a factor of 10 6 X the attempt frequency). 

Another test of the applicability of the model is to con¬ 
firm the presence of interactions. In the case of the magnetic 
aftereffect in ferromagnets, there was work which showed 
how the demagnetization factor altered the measured 
dynamics. 12 In this work, the larger the demagnetization fac¬ 
tor, the more resistant the system was to being magnetized. 
This fact is consistent with Eq. (5) where the interaction or 
coupling term, 2ttM S AN/N, has a different numerical con¬ 
stant from 27r. In the case of superconductors, the frozen flux 
is associated with trapped vortices. Each vortex acts as a 
single magnetic dipole which can interact with the others via 
the dipole-dipole coupling. With only a very general argu¬ 
ment, Tinkham used a similar rationale to get the logarithmic 
time dependence of the flux decay. 13 

For general applicability, one needs to determine the 
presence of interactions in these systems and their relevance 
to the magnetization process. We have previously used an 
approach developed by Wohlfarth 14 and Henkel 15 plotting the 
remanent magnetizations in what are referred to as Henkel 
plots. In that work 16 we were successful in showing how 
known interactions in a system, the perpendicular-to-the- 
plane demagnetization field, explained the observed rema- 
nances. It is important to note that Henkel plots may suffer 
from a nonrandom demagnetize;' state. Thus it would be best 
to work with a system which can be annealed prior to mea¬ 
surement. For this reason, and because it is an archetypal 
slow relaxation system, we have recently been studying the 
Henkel plots of spin glasses. Although in a preliminary stage, 
we note that all Henkel plots on the spin glass Ag:Mn indi¬ 
cate interactions are in fact present. 17 

A final comment to make is that the interactions in the 
model are treated to assure that disorder is not present and so 
the interactions must be responsible for any slow relaxation. 
In real systems, the interaction range is finite; therefore dis¬ 
order is present. For example, starting from a saturated 
samrle, after the very first spin or moment flips, its neigh¬ 
bors see a different dipolar field than the spins farther away. 
As the system evolves, this situation is exacerbated. So in the 
interaction driven model presented here, with the mean-field 
approximation, the slow relaxation occurs as a result of the 
couplings and disorder does not play a role. In real systems, 
with finite ranged interactions, some disorder is always 
present. The relevant question is then how important this 
disorder is compared to the interactions. To test this question, 
disorder must be included in the calculations, a process we 
have recently begun. 8 

It is important to point out that in addition to the work 
presented here, the model has been used by others with the 
inclusion of a domain-wall energy term, to model the mag¬ 
netization process in magneto-optic media. 18 
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As a final note, although the model developed here has 
focused on condensed-matter systems, there are other physi¬ 
cal systems which are manifestly affected by interactions. A 
very simple way to understand how interactions can domi¬ 
nate the relaxation process is to consider radioactive decay. 
Most sophomore level modem physics textbooks derive the 
Debye relaxation law for [3 decay. This relaxation derivation 
is also applicable to other decays, such as U 235 provided the 
decaying nuclei are well separated so that there are no inter¬ 
actions, i.e., independent decay. In the case of U 235 , when the 
radioactive nuclei are close enough so that there are interac¬ 
tions, the decay process is changed considerably! 
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Mesoscopic model for the primary response of magnetic materials (invited) 

R. V. Chamberlin 

Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287-1504 

A model for the relaxation of thermal fluctuations is applied to the dynamical response of magnetic 
materials. Systems investigated include paramagnets, spin glasses, and ferromagnets. The key 
feature which distinguishes the model is that it describes the behavior of localized normal modes 
(e.g., magnons), not barrier hopping or domain-wall motion. Mathematical approximations to the 
model reproduce several previously used empirical formulas, such as the stretched exponential, 
power-law, and logarithmic time dependences, but the unapproximated model gives generally better 
agreement with observed response. Data of sufficient quality and range allow quantitative 
confirmation of all assumptions of the model. The model provides a common physical basis for 
observed magnetic after-effects, the magnitude and distribution of Landau-Lifshitz damping 
parameters, and Ilf noise. 


I. INTRODUCTION 

Despite the fact that all classical systems must ultimately 
relax exponentially, single relaxation rate (Debye-like) be¬ 
havior is rarely observed in condensed matter. Nevertheless, 
some remarkably “universal” empirical expressions have 
been used to characterize the observed response from many 
different materials. Since 1854, 1 the most popular empirical 
expression for characterizing amorphous materials has been 
the Kohlrausch-Williams-Watts stretched exponential 
For crystals, the Curie-von Schweidler 
power law 2 M(t)<xt~P is often preferred. For magnetic after¬ 
effects, the Neel 3,4 logarithmic time dependence 
M (t)<*\og(tl t) is also popular. These empirical expressions 
are simple mathematical formulas that give generally good 
agreement with a wide variety of measurements. Unfortu¬ 
nately, they are also common mathematical approximations 
to a wide variety of models; hence demonstrating agreement 
with these formulas tells you nothing about the physical 
mechanism of response. Furthermore, all of these formulas 
have infinite slope at /==0; hence they must only be approxi¬ 
mations valid over a limited time range. Indeed, measure¬ 
ments over sufficient range invariably demonstrate devia¬ 
tions from such simple mathematical formulas. 

Here we review a physical model for the observed re¬ 
sponse of condensed matter. The model is based on two as¬ 
sumptions: that nonexponential relaxation is due to a hetero¬ 
geneous distribution of exponentially relaxing regions, and 
that these regions obey elementary thermodynamics. Various 
mathematical approximations to the model reproduce all of 
the previously used empirical formulas, but the unapproxi¬ 
mated model gives generally better agreement with observed 
behavior. The model provides a physical description for the 
dynamical behavior of dozens of different systems including 
dielectric, structural, and thermal response in liquids, glasses, 
polymers, and crystals. 5 * 8 Here we focus on application to 
magnetic systems, 6,7,9 " 11 including resonance spectra, mag¬ 
netic after-effects, and 1// noise in paramagnets, spin 
glasses, and ferromagnets. 

II. MESOSCOPIC MODEL 

We assume that nonexponential response is due to a het¬ 
erogeneous distribution of independently relaxing regions, 


that we call “dynamically correlated domains” (DCDs). Per¬ 
haps the earliest picture of dynamical heterogeneity was the 
1907 Einstein model for the specific heat of solids, in which 
it was assumed that each atom was an independent harmonic 
oscillator. 12 In 1912, Debye recognized that, due to interac¬ 
tions between local sites, a solid can lower its energy by 
dynamical correlation into normal modes. 13 Examples of 
normal modes include phonons, polaritons, and magnons. In 
a perfect harmonic crystal, all normal modes are infinite 
plane waves; in real systems, however, some normal modes 
may become localized. Even in simulated perfect crystals, 
some normal modes are localized by assuming realistic (an- 
harmonic) interactions, but direct observation often requires 
suppression of the plane-wave excitations. 8 In real systems, 
intrinsic inhomogeneities may augment the localization of 
normal modes. 

Considerable evidence indicates that dynamical hetero¬ 
geneity is common in condensed matter. In glass-forming 
liquids, four-dimensional (4D) NMR measurements 14 unam¬ 
biguously establish that nonexponential relaxation is due to a 
heterogeneous distribution of independently relaxing regions 
(DCDs) that become homogeneous only after essentially all 
of the primary response is complete; typical diameters are 
found to be ~35 A . 15 In spin glasses, neutron-scattering 
measurements, 16 and the 2D to 3D crossover, 17 indicate dy¬ 
namical heterogeneity on a scale of 40-1000 A. In EuS crys¬ 
tals, the thermal hysteresis of the remanent magnetization 
can only be explained by regions with distinct dynamical 
behavior, while the relaxation of this remanence quantita¬ 
tively confirms a specific distribution of DCDs. It is impor¬ 
tant to emphasize that DCDs are related to a dynamical cor¬ 
relation length, not a region of static order. For example, in 
pure Fe at low temperatures, statically aligned regions are 
mac roscop ic, while the magnetic exchange length 18 / ex 
= \JA/M 2 (A is the anisotropy energy and M s the saturation 
magnetization) gives / ex ~80 A, suggesting that each stati¬ 
cally aligned region contains a myriad of independently re¬ 
laxing DCDs, as is quantitatively confirmed from the ob¬ 
served magnetic response. 

Generally, the relaxation rate of a DCD (w s ) will depend 
on its size s, where s is the number of responding particles 
(proportional to volume) in the domain. For a distribution of 
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sizes ( n s ), and size-dependent initial response (M s ), the net 
relaxation is the weighted sum over all sizes: 
M(t)='%s =0 n s M s e~ ,Ws . A change of variable (w s =1It) may 
be used to convert this sum to include the customary distri¬ 
bution of relaxation times, but we prefer to parameterize re¬ 
laxation in terms of DCD size; since s is a thermodynamic 
variable, the expressions for n s and M s will be simpler. 

The size dependences of n s ,M s , and are obtained by 
assuming simple thermodynamics. Thermodynamic exten- 
sivity suggests that the net response of a DCD should be 
proportional to its size, M s <*s. The central-limit theorem 
suggests that near thermodynamic equilibrium, DCDs should 
have a Gaussian size distribution n s ^e~ [(s ~ s)lrr] , where a is 
the variance about an average size s. Detailed balance sug¬ 
gests that, if the system is to approach thermodynamic equi¬ 
librium, relaxation rates between energy levels separated by 
an amount 8E S must vary as w s &e~ SEsI2I<bT . The key feature 
which distinguishes our approach is that we consider the 
relaxation of localized normal modes (e.g., magnons, 
phonons, polaritons, etc.), for which energy-level spacings 
are inversely proportional to size: SE^l/s. 

The fact that normal-mode energy-level spacings gener¬ 
ally vary inversely proportional to size may be pictured in 
many ways. In a simple magnon picture, 19 the bandwidth (A) 
depends only on the local spin and exchange integral, inde¬ 
pendent of domain size, whereas the number of excitations 
that fill this bandwidth is proportional to the number of spins 
in the domain; hence 8E s ~h/s. In fact, this is the thermody¬ 
namic requirement that densities of states are extensive quan¬ 
tities, 8N/dE s *s, so that the energy spacing between adja¬ 
cent ((W=l) levels is 8E s <*l/s. Of course, we are not the 
first to consider finite-size effects in condensed matter. In 
1937, Frohlich 20 calculated the energy spacing for quantized 
excitations in perfect spheres, and obtained the textbook ex¬ 
pression 8E s x\ID 2 <*\ls 2ri . In 1962, Kubo 21 recognized that 
imperfections in real systems break the degeneracies inherent 
in perfect spheres, yielding 8E s <*l/s. Thus 8E s *l/s for me¬ 
soscopic systems governed by either quantum mechanics, or 
thermodynamics. We implement this requirement to obtain 
relaxation rates that vary exponentially with inverse size. 

Combining the ingredients of finite-size thermodynam¬ 
ics, using x=slcr and converting the sum over all sizes to an 
integral, the net relaxation of an ergodic system (e.g., rapidly 
relaxing crystal or liquid) becomes 

M(t) = M 0 f dx xe~ (x ~ x) 'e~‘ w * e (1) 

Jo 

Equation (1) has four adjustable parameters: the prefactor 
(M 0 ) accommodates the magnitude of response, the asymp¬ 
totic relaxation rate (w„) governs the time scale of relax¬ 
ation, the correlation coefficient (C) controls the spectral 
width, whereas the scaled average size (x=s/cr) influences 
the magnitude, 'ime scale, and width of response. Note 7 for 
simple relaxation between adjacent energy levels, detailed 
balance yields C<0, and Eq. (1) may be approximated by 
the stretched exponential with w x the slowest relaxation rate, 
whereas if relaxation requires activation over an intermediate 
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energy barrier, C>0 (see Sec. IV) and Eq. (1) may be ap¬ 
proximated by a power law with iv* the fastest relaxation 
rate. 

In principal, both x and C could adjust the spectral shape 
of Eq. (1). Experimentally, however, for all ergodic systems 
that we have examined, the ratio ( x/C ) is constant, indepen¬ 
dent of temperature. For example, from the dielectric suscep¬ 
tibility of glass-forming salol over 24 K we find 7 x/C 
= -0.182±0.003. Furthermore, we find a similar ratio from 
dozens of measurements on many different glass-forming 
liquids, and even i/C=0.197±0.02 from magnetic relax¬ 
ation in single-crystal Fe. 11 We now speculate as to a pos¬ 
sible reason for this “universality.” 

A specific expression for the correlation coefficient (C) 
in the relaxation rate (w s =w x e~ Ctrls ) may be obtained by 
combining detailed balance with Fermi’s golden rule. The 
tran sition ra te from energy E, to E { is 
X V(«//«,),where V,_, / ( = Vy_,) is a matrix element that 
connects the initial and final states, and nj/n = 
e -(E f -E,)/k B T j s f ac t or that ensures detailed balance. At 
normal temperatures (k B T$> 8E s ~A/s), thermal fluctuations 
strongly influence transitions between levels, so that the ma¬ 
trix element is dominated by the probability that a fluctuation 
will cause the initial and final energies to overlap, 
V,_f<xP iaf . Near thermal equilibrium 22 
P i= ^«exp[ -{Ef-E i) 2 F"(E e )/2k B T] , where 

F"(E e )=sf"(E e ) and f"(E e ) is the Helmholtz free-energy 
curvature per particle about the equilibrium energy. The net 
relaxation rate into equilibrium is obtained by integrating 
over all possible initial states 

yielding 7 C= - \l[\6<Tf"(E e )k B T], so x/C=-\6sf" 
X(E e )k B T. As expected for response that is governed by 
thermal fluctuations, the relaxation rate is independent of A, 
consistent with a ratio of shape parameters in Eq. (1) that 
does not depend on the details of interactions in a substance. 

Some thermodynamic identities can be used to simplify 
x/C. The free-energy curvature of an average-sized DCD 
may be written 23 

sf"(E)=(d 2 ldE 2 ){E-TS) = -T(d 2 SldE 2 ) = ll{TC v ) 

(where C v =dE/dT is the “heat capacity” of an average¬ 
sized DCD due to excitations that contribute to observed 
response), so that x/C- -\6k B /C v . For a system of N clas¬ 
sical particles, the law of Dulong and Petit gives x/C =-161 
3 N, leaving no explicit temperature dependence. Of course, 
with decreasing temperature, the heat capacity per particle 
diminishes, C v <3k B , while the number of particles in an 
average-sized DCD increases, s>N. Evidently, since x/C is 
found to be constant, the effective number of classical de¬ 
grees of freedom must not change, sc v =3Nk B . Finally, we 
speculate that N corresponds to the minimum number of 
classical particles necessary to support nontrivial excitations 
in three dimensions, N~ 3 3 , which gives x/C**- 0.198. 
Empirically, regardless of interpretation, Eq. (1) with x/\C\ 
=0.19±0.02 provides excellent agreement with observed re- 
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FIG. 1. Relaxation of the remanent magnetization in a single-crystal whis¬ 
ker of Fe at 4.2 K after removing three different fields. Dashed curves are 
best fits to the data using the stretched exponential function. Solid curves are 
best fits to the data using Eq. (1) with i/C=0.20. Inset: deviation between 
the data, model function (solid line at each origin), and stretched exponen¬ 
tial. 


FIG. 2. Relaxation of the remanent magnetization in an 11.9%Au:Fe sample 
at three temperatures above the spin-glass transition 7^=39 K. Solid curves 
are the best fits to the data using Eq. (2). Inset: deviation between the data, 
model function (solid line at each origin), and simple power law. 


sponse from a wide variety of ergodic systems with only one 
parameter governing the width and entire shape of the re¬ 
sponse. 

Nonergodic systems (e.g., slowly relaxing crystals or 
glasses) have quenched (local) randomness that may be char¬ 
acterized by the Poisson-like distribution from percolation 
theory: sn s ^s l ~ e e~^ c ' s)l . For isotropic excitations in highly 
correlated (p>p c ) systems, the size-scaling exponents are 
1-0=10/9 and £=2/3, with C'<x\p-p c \ u . Using x-C's, 
the net relaxation of a nonergodic system becomes 

M{t)=M 0 f ™dx x W'> e -x w e -t»„'- c '\ ( 2 ) 

Jo 

Equation (2) has only three adjustable parameters: again Af 0 
accommodates the magnitude of response and w,* governs 
the time scale of relaxation, while the width and entire shape 
of the response is controlled by the single parameter C. For 
example, if C = 0 the relaxation is size independent, yielding 
single relaxation rate (Debye-like) behavior, whereas if 
|C|1, the spectral width is extremely broad. Here, for re¬ 
sponse that is governed by thermal fluctuations, the correla¬ 
tion coefficient is given by C= -C'/[l6f"(E^)k B T]. 

III. EXPERIMENTAL EVIDENCE FOR THE MODEL 

Measurements of magnetic response were made using a 
SQUID magnetometer. Features of the magnetometer include 
a nonconducting sample region (to minimize eddy-current 
effects), and a critically damped low-impedance solenoid for 
fields ( H ) of 0.05-70 Oe that can be removed within 5 ps. 
With a standard dc SQUID sensor coupled to a high-speed 
voltmeter, the magnetometer is capable of measurements 
from 10 -5 to 10 4 s after removing //. 

Figure 1 shows the relaxation of the primary magnetic 
response in a single-crystal whisker of Fe at 4.2 K after 
removing three different fields. 11 Best fits using the stretched 
exponential show significant deviations from the observed 
behavior, while Eq. (1) with x/|Cj=0.20 gives excellent 
agreement. Figure 2 shows the magnetic relaxation in an 


11.9% Au:Fe sample at three temperatures above the spin- 
glass transition T g =39 K. 9 The inset shows that a simple 
power law gives good agreement over four or five orders of 
magnitude in time, but when the entire range of data are 
considered, Eq. (2) gives significantly better agreement. Fig¬ 
ure 3 shows magnetic relaxation in a single crystal of EuS at 
three temperatures below the Curie transition 7 , c =16.57 K. 10 
Linear fits to the data show that the relaxation is approxi¬ 
mately logarithmic, but again, best fits using Eq. (2) are sig¬ 
nificantly bettor. 

We have documented statistical, qualitative, and quanti¬ 
tative evidence for the validity of the mesoscopic rnooel. 
Statistically, compared to previously proposed response 
functions, in addition to giving superior agreement with ob¬ 
served magnetic response from paramagnets, spin glasses, 
and ferromagnets, the model also provides better agreement 
with the observed dielectric, structural, and thermal response 
from dozens of liquids, glasses, polymers, and crystals. 5 Fur¬ 
thermore, no other previously proposed response function 
can fully account for the qualitative behavior of the high- 
frequency dielectric absorption in glass-forming liquids. 7 


1.0 4-H- 1 - 1 - 1 - 1 - 1 - 1 -H—+ 



FIG. 3 Relaxation of the remanent magnetization in single-crystal EuS at 
three temperatures below the Curie transition T C =16.51 K. Dashed lines are 
best logarithmic fits to the data. Solid curves are best fits to the data using 
Eq. (2). 
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Most convincing, however, is the quantitative confirmation 
of the size-scaling exponents. 

The size distribution used in Eq. (1) [xn x 
^x i ~ e e~ (x; ~^'\ assumes ther todynamic extensivity (1 
-0=1) and that DCD size obeys the central-limit theorem 
(£=1). For data of sufficient quality and range, it is possible 
to release these exponents as additional adjustable param¬ 
eters, so that the only place where size scaling is fixed is in 
the exponent of the relaxation rate, w x =w K e~ Cx P with 
/?=—1. For example, if response was a surface effect or if 
domain radius was the appropriate parameter of randomness, 
one would expect 1-0=2/3 or £=1/3, respectively. From 
magnetic relaxation in single-crystal whiskers of Fe, we find 
1-0=O.92±O.12 and £=0.99±0.08, quantitatively confirm¬ 
ing all assumptions of the model: volume response 1-0=1, 
random DCD sizes £=1, and relaxation rates vary exponen¬ 
tially with inverse size /?=—1; otherwise 1-0 and £ would 
adjust to compensate. Similarly, the size distribution used in 
Eq. (2) (xn x ^x l ~ e e~ x ) assumes the Poisson-like size distri¬ 
bution from percolation theory (£=2/3) and thermodynamic 
extensivity (1-0=10/9). From magnetic relaxation in single¬ 
crystal EuS we find 1-0=1.1O±O.O2 and £=0.669±0.004, 
again quantitatively confirming all assumptions of the model. 
Alternatively, within experimental uncertainty, Eqs. (1) and 
(2) are the correct response functions for these data. 

IV. APPLICATIONS OF THE MODEL 

Since the model provides a physical mechanism for the 
primary response of condensed matter, it may be used to 
interpret a variety of observed behavior. For example, the 
model has been used to identify ergodicity in amorphous 
systems, and provide an explanation for observed non- 
Arrhenius temperature dependences of relaxation rates. 8 
Here we will focus on application to magnetic materials, 
pecifically the observed magnitude and distribution of 
umdau-Lifshitz damping parameters, and 1// magnetic 
noise. 

When C>0, the size-dependent relaxation rate 
(w x =w x e~ Clx ) implies that larger DCDs have faster relax¬ 
ation rates. C>0 (as is observed for the primary magnetic 
response of Fe) can only occur if relaxation requires activa¬ 
tion over an intermediate barrier, where /"(£)<0 gives 
C a 1//"(£) >0. Qualitatively, large DCDs have many de¬ 
grees of freedom that facilitate traversal of a potential bar¬ 
rier, whereas small domains are relatively rigid, and hence 
require many attempts before relaxing, in the Landau- 
Lifshitz formalism, a fundamental attempt frequency is the 
Larmor precession rate w=|yjS, where |yj=17.6Xl0 6 (rad/ 
s)/G for pure electron spins. 24 If this precession is related to 
the asymptotic relaxation rate tv 00 ~|>|6, then w x =w K e~ clx 
gives a connection between the gyromagnetic precession and 
average relaxation rates, providing a physical explanation for 
the Landau-Lifshitz damping parameter a^w x lw^=e' cix . 
Indeed, from SQUID measurements of magnetic relaxation 
in Fe we find a=e _1/(0 197±0 02) «0.006, consistent with 
the damping parameter found from ferromagnetic-resonance 
linewidths at much higher frequencies: SB =32 Oe at / 0 =9.2 
GHz and SB - 158 Oe at 36.2 GHz 25 give 


a=(5B)|'y)/(47r/ o )«0.005. Thus the mesoscopic model pro¬ 
vides an explanation for both the magnitude, and distribu¬ 
tion, of Landau-Lifshitz damping parameters in Fe. Further¬ 
more, approximately half of the commercially available 
ferrite materials 26 have damping parameters consistent with 
axe -i/(0.i9±0.02) however, other materials have quite dif¬ 
ferent damping parameters, suggestive of alternative relax¬ 
ation mechanisms. Most notably, highly polished YIG crys¬ 
tals have the lowest microwave loss of any material, with 
a~10 -4 . Such extraordinarily low loss is attributable 27 to an 
absence of orbital contributions, and nearly spherical charge 
distribution, for the ferric ions in YIG; thus the spins are 
decoupled from the “universal” lattice vibrations which gov¬ 
ern the relaxation in many other materials. 

Another common property that may be attributed to me¬ 
soscopic thermal fluctuations is 1/f noise. Electrical 1 If 
noise has been known for many years, 28 but magnetic mea¬ 
surements of sample noise have only been possible with re¬ 
cent advancements in SQUID magnetometry. 29 Within the 
fluctuation dissipation theorem, noise is proportional to 1// 
times the out-of-phase (absorption) component of response, 
M 2 (f) = k B Tx"(f)l tt 2 /. Thus only systems with infinitely 
broad absorption peaks (corresponding to logarithmic time 
relaxation) will exhibit purely 1// noise. Of course, no 
physical system can have an infinitely broad absorption peak, 
as evidenced by deviations from logarithmic relaxation when 
measured over sufficient time range; similar deviations must 
also occur in 1// noise. Indeed, magnetic noise spectra 29 
from spin glasses exhibit very broad, asymmetrical devia¬ 
tions from 1// behavior, consistent with relaxation rates that 
vary exponentially with inverse size, which is the key feature 
of our model. Furthermore, deviations from 1// behavior 
become more conspicuous near T g , similar to the increased 
deviations from logarithmic relaxation observed in EuS near 
T c . Using Eq. (2), 1 If times the out-of-phase component of 
the Fourier transform of -dM(t)/dt yields a specific expres¬ 
sion for the equivalent noise spectrum: 


—* 2k B T 

M 2 (f)= — M ( 


7T 


'c 

Jo 


dx x l0l9 e~ x 


2/3 


\+(2vflw x ) 2 ’ 


(3) 


where w x =Wrce~ c,x . Although electrical measurements on 
small samples have shown that 1 If noise is often caused by 
a distribution of independently relaxing regions, 30 available 
magnetic measurements have not allowed quantitative con¬ 
firmation of Eq. (3). Nevertheless, magnetic relaxation that is 
characterized by Eq. (1) or (2) may yield apparent 1 If noise. 
For example, Fig. 4 shows equivalent noise spectra of ferro¬ 
magnetic EuS, demonstrating qualitative agreement with 
measured noise spectra, 29 and the difficulty in distinguishing 
from hypothetical Ilf behavior. 


V. CONTRAST WITH PREVIOUS PICTURES 

Domain-wall motion is an established mechanism of 
magnetic response. Usually, wall motion occurs on short 
time scales (<10“ 5 s), outside the time window of our 
SQUID magnetometer, but by extrapolating the observed re¬ 
sponse to r=0, an estimate of the relative contribution of 
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FIG. 4. Equivalent noise spectra in ferromagnetic EuS, from the imaginary 
part of the susceptibility (inset), as determined from the data of Fig. 3. Solid 
lines are the best power-law fits to the data [Af 2 (/) « l//^j, yielding /3 of 
1.007, 1.046, and 1.14 at temperatures of 4.2, 8.0, and 16.5 K, respectively. 


FIG. 6. Relaxation of the remanent magnetization in Fe at 4.2 K after 
removing four relatively large fields. Inset: deviation of the d '.ta from Eq. 
(1), showing small jumps and spikes (Barkhausen noise) due to domain-wall 
adjustments during the primary magnon relaxation. 


such fast response mechanisms can be obtained. As shown in 
Fig. 5 for the magnetic relaxation of Fe, after removing small 
fields (tf<0.1 Oe), the response accounted for by our me¬ 
soscopic model is only about 20% of the initial (infield) re¬ 
sponse; 80% of the initial response occurs before 10 -5 s, 
presumably due to domain-wall motion. However, with in¬ 
creasing field the fraction of slow response increases, until 
H> 1 Oe where essentially 100% of the initial response can 
be accounted for by magnon relaxation over the available 
time window. At still higher fields (H> 3 Oe, Fig. 6), rela¬ 
tively small jumps and spikes appear, indicative of minor 
domain-wall adjustments (Barkhausen noise) during the oth¬ 
erwise smooth magnon response. Evidently, the magnetic re¬ 
laxation is so slow that domain walls (which traverse the 
sample in <10 -5 s) cannot carry any magnetization reversal. 
Instead, these “proto-walls” merely break the degeneracy 
between regions where magnons will eventually relax the 
spins into distinct static alignments; magnetization evolves 
■ moothly from saturation without any significant contribu¬ 
tion from wall motion. 



FIG, 5. Field dependence of initial (in field) susceptibility MlH (X) horn 
before H was removed, and extrapolated initial resoonse M(G)IH (O) from 
Eq. (1), of an Fe whisker at 4.2 K. For H< 0.1 Oe, only 20% of the in-field 
response is accounted for by Eq. (1). For » Oe, essentially 100% of the 
in field response can be accounted for by magnon relaxation over the avail¬ 
able time window. 


Many investigators have considered slow relaxation due 
to coherent domain rotation via barrier hopping. Such coher¬ 
ent domains are assumed to be rigidly aligned in a common 
direction, with only a few degrees of freedom, similar to a 
rigid rod governed by classical mechanics. Generally, barrier 
heights are assumed to increase with increasing domain size, 
SE s *sP with /3>0. In contrast, we consider relaxation of 
low-energy internal degrees of freedom (e.g., magnons) gov¬ 
erned by thermodynamics, for which /?=-1. Our approach 
has some favorable features. First, even at low temperatures 
in highly ordered ferromagnets, where rigidly aligned spin 
behavior might be expected to occur, magnons are found to 
govern the static magnetization, hence they should also con¬ 
tribute to the dynamical properties. Second, it is generally 
assumed that slow relaxation of a rigidly aligned domain 
requires activation over an intermediate energy barrier. In 
contrast, for C<0, normal-mode relaxation involves simple 
transitions between adjacent energy levels, thus requiring 
only detailed balance. (Although some systems do have 
00, indicating relaxation over an intermediate barrier, 
since SE s <xs^ with fi=- 1, large DCDs relax faster than 
small DCDs, as expected for systems with internal degrees of 
freedom.) Third, since w^«e -c/jt , there is considerable 
asymmetry in the relation betwee domain size and relax¬ 
ation rate, so that relatively symmetrical, and hence more 
physically reasonable, size distributions (e.g., Gaussian or 
percolation) provide good agreement with most frequently 
observed asymmetrical responses. Finally, within experimen¬ 
tal uncertainty for a variety of systems, /?=-l has been 
confirmed quantitatively. 

VI. CONCLUSIONS 

A model is presented that provides a physical description 
for the primary response of condensed matter. The model is 
based on the assumption that nonexponential response is due 
to a heterogeneous distribution of independently relaxing re¬ 
gions, and that these regions obey simple ‘hermodynamics. 
The model gives superior agreement with the observed re¬ 
sponse from dozens of different materials, including mag¬ 
netic after-effects in paramagnets, spin glasses, and ferro- 
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magnets. Data of sufficient quality and range, including 
SQUID measurements of single-crystal EuS and whiskers of 
Fe over nine orders of magnitude in time, allow quantitative 
confirmation of all aspects of the model. The model provides 
a common physical basis for several previously used empiri- 
-al expressions, such as the stretched exponential, power- 
law, and logarithmic time dependences. Furthermore, the 
model provides a physical explanation for other properties 
commonly found in the dynamical response of magnetic ma¬ 
terials, including the magnitude and distribution of Landau- 
Lifshitz damping parameters, and 1// noise. 
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The development of a number of models of slow relaxation in magnetic materials is reviewed. A 
phenomenological theory based on the intrinsic energy barrier is shown to explain the form of time 
dependence of the magnetization, including the logarithmic time dependence observed for systems 
with a relatively wide distribution of energy barriers. This formulation gives rise to useful analytical 
results which give generally good qualitative agreement with experiment. The slow relaxation is 
related to the irreversible magnetic behavior via a fictitious fluctuation field Hf which itself 
determines a quantity called the activation volume ^ac- Both Hf and are related to the 
magnetization reversal process. For granular materials ^ac is generally smaller than the grain size. 

Computer simulations based on the Monte Carlo method are applied to the investigation of the 
behavior of thin films with perpendicular anisotropy. Detailed comparisons of the simulation with 
experimental data demonstrate the relationship between and the micromagnetic magnetization 
reversal mode. Some recent models introducing thermal agitation into the micromagnetic formalism 
are discussed. 


I. INTRODUCTION 

In general, models of magnetization reversal proceed by 
determining the minimum energy state and following its evo¬ 
lution until at some field the minimum disappears and an 
irreversible transition to a new state occurs. This approach is 
valid for magnetization reversal at absolute zero temperature. 
However, at a finite temperature a different phenomenology, 
involving determination of the energy barriers, must be 
adopted. A considerable amount of work has been carried out 
using a simple formalism based on a distribution of energy 
barriers. This approach has proved extremely useful in pro¬ 
ducing analytical results which give generally good qualita¬ 
tive agreement with experiment, thereby illuminating the 
physical processes involved. Here we start by outlining the 
energy barrier distribution formalism and introducing the 
concepts of the fluctuation field and activation volume. 
These highlight the major deficiencies of the phenomenol¬ 
ogy, which are principally the neglect of the detailed nature 
of the magnetization reversal mechanisms and interaction ef¬ 
fects. The remainder of the article is devoted to consideration 
of computational studies of slow relaxation. 

II. ANALYTICAL MODELS FOR TIME DEPENDENCE 

In magnetic materials the time-dependence effects arise 
due to the fact that there is a finite relaxation time r required 
for the magnetization vector to rotate from one minimum to 
another. The origin of the energy barrier is a material prop¬ 
erty and since its magnitude depends on experimental condi¬ 
tions such as magnetic field, these factors govern the prob¬ 
ability of thermally activated transitions. Almost any 
phenomenology shows that the probability of a transition is 
given by 1 

t~ 1= /o exp(-&E/kT), (1) 


where f 0 is the attempt frequency which depends on the 
properties of the material and A£ is the height of the energy 
barrier for reversal. 

In general the time variation of the magnetization of any 
system can be characterized by a simple differential equa¬ 
tion: 

dM(t) M(t)~M e 

dt ~ t ’ (2) 

where M e =M(t =co ) is the equilibrium magnetization. In 
principle the time variation of magnetization can be de¬ 
scribed by solving Eq. (2). 

For the case of a noninteracting system which contains a 
distribution of energy barriers the solution of Eq. (2) gives 

M(t)=B+A I V'^/OOdy, (3) 

Jo 

where B=M (°°) and A = Af(r = 0)-A/(=°) are time- 
independent constants. f(y) is the distribution of energy bar¬ 
riers and y = A£/A£ m is the reduced energy barrier relative 
to the average barrier A E m of the system. 
r - 1 (y)=/o exp(-ay) is the inverse of the relaxation time 
and a=&EJkT. According to Eq. (3) the time-dependent 
behavior is most sensitive to two parameters which charac¬ 
terize the relevant distribution of energy barriers for the sys¬ 
tem, i.e., the average energy barrier of the system A E m and 
the width of the distribution. 

Figure 1 shows the exact calculations of the integral in 
Eq. (3) at different values of a for a narrow (<r=0.18) and 
distribution of energy barriers. In these calculations a log 
normal distribution of energy barriers was used. The change 
in the values of a can arise from temperature changes or 
magnetic field changes. These calculations show that for a 
narrow distribution of energy barriers the decays exhibit non- 


J. Appl. Phys. 76 (10), 15 November 1994 


0021-8979/94/76(10)/6407/6/$6.00 


© 1994 American Institute of Physics 6407 





FIG. 1. The time variation of magnetization at different values of a for a 
narrow distribution of energy barriers (tr=0.18). 


analytical expression of Eq. (4) can be derived by represent¬ 
ing the behavior of f(y) about y c using a series expansion 3,4 

^ [Aln(r) 1n+1 

M{t)=M(t 0 )-A^ fiyj 

n =0 


a 


(7) 


where 


fy c C o) 

M(t 0 )=B+A-A f(y)dy 
Jo 


and Aln(f)=ln(//f 0 ) and t 0 is the initial time of measure¬ 
ment. f n (y c ) is the nth differential of the distribution func¬ 
tion evaluated at y c . Equation (7) shows that for a constant 
piobability of activation 

M(t)=M(t 0 )~A ln(/), (8) 

which is the well-known logarithmic time dependence of 
magnetization. 5 However in general f(y) is not constant and 
higher order terms become important as the variation of the 
distribution function about y c becomes steeper. In Ref. 3 the 
higher order coefficients are found to be proportional to 
(l/o 2 )” and hence as the width of the distribution increases 
the higher order terms in the expansion will vanish. 


linear logarithmic time-dependent behavior. For a wide dis¬ 
tribution of energy barriers a ln(r) law is a good approxima¬ 
tion over the range of time examined. 

In order to understand the physical interpretation of 
these results and examine the role of the energy barrier dis¬ 
tribution, it is possible to simplify the integral in Eq. (3) 
using the critical energy barrier of activation (A£ c ). This 
critical barrier can be defined in such a way that activation 
over barriers lower than A E c happens so quickly that 
e -tir(y<y c ) q wM e~ l,T —l fory>y c Eq. (3) becomes 

fy c (0 

M(t)=B+A-A f(y)dy, (4) 

Jo 


where y c =AE c /AE m is the reduced critical barrier for rever¬ 
sal and is given using Eq. (1) by 


y c =~Htfo)- 


(5) 


According to Eq. (4) the rate of change of M(/) with 
ln(f) is given by 


dM(t) A 

d ln(/) a fiyc) 


( 6 ) 


This result explains the shapes of any M(t) vs ln(f) curve 
where the slope of the M(t) vs ln(r) curve at any instant is 
directly linked to the behavior of the distribution function 
about the critical barrier above which thermal activation is 
taking place. 2 Thus the data shown in Fig. 1 can be explained 
as being due to significant variation of f(y c ) during the time- 
dependent process. In the case of a wide distribution of en¬ 
ergy barriers, the variation of M(t) vs ln(r) is almost linear 
due to the fact that f(y c ) does not change appreciably about 
the critical barrier as in the case of a narrow distribution. An 


III. THE FLUCTUATION FIELD AND ACTIVATION 
VOLUME 

The concept of the fluctuation field was introduced by 
Neel 1 ' 6 who assumed that thermal agitation could be repre¬ 
sented by a fictitious field H f (t) which he showed to be a 
linear function of ln(r). As a result the magnetization can be 
written as 

M=M 0 ± Xi „H f (t). (9) 

Equation (9) directly relates the time-dependent changes to 
the irreversible susceptibility * i[r defined as AAf irr /A// where 
AA/ irr is the small change in the irreversible component of 
magnetization resulting from a small increment of field A H, 
X in is often measured as the slope of the dc-demagnetization 
remanence curve. Thus, as is intuitively reasonable, the time- 
dependent changes are related to the irreversible magnetic 
behavior of the system. The meaning of the fluctuation field 
is however, unclear from Eq. (9) and is still the matter of 
some debate. It would seem that the fluctuation field is inti¬ 
mately linked with the micromagnetics of magnetization re¬ 
versal, as will be demonstrated here in the case of materials 
with perpendicular anisotropy. A rather different definition of 
the fluctuation field in terms of the time-dependence coeffi¬ 
cient was given by Wohlfarth 7 as 

S=X m H f . ( 10 ) 

Thus, in principle independent measurements of S a.id Xm 
can be use to determine Hf. A considerable amount of ex¬ 
perimental work has been carried out using this approach. 
This shows Hf to be a parameter dependent on a number of 
factors such as the volume and anisotropy field 
distributions 8,9 and interparticle interactions. 10 

It is also found that H f is dependent on the magnetiza¬ 
tion reversal mechanism of the material. This is often dis- 
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cussed in terms of an “activation volume” V 3Ct which can be 
defined following Wohlfarth 7 on dimensional grounds as 

kT , „ 

(11) 

where M s is the bulk saturation magnetization of the mate¬ 
rial. ^ac, is perhaps most useful in studying the behavior of 
granular materials, which have a well-defined volume V for 
comparison with Generally speaking it is found that 

^a« is significantly smaller than V for elongated 
particles. 11,12 Flanders and Sharrock 13 have also measured 
particle sizes via time-dependence measurements. Although 
the measured volumes are in principle different from 
they are also generally found to be smaller than V for elon¬ 
gated particles. A similar situation is found for alumite thin 
films, 14 a case to be discussed in more detail later. Although 
the activation volume is a useful quantity in the study of 
granular materials it is perhaps less so in relation to domain 
wall processes since the equivalent physical volume is more 
difficult to define. In general it is perhaps more useful to 
concentrate on Hf, which is directly related to the material 
properties. Recent work 15 has shown that the form of H f 
depends upon the distribution of energy barriers /(A£). For 
a single energy barrier it can be shown that 

H f =-kT/[d\E/dH] (12a) 

while for a relatively wide distribution 

H f =-kT/[dbE/dH]u„u c , (12b) 

where the differential is evaluated at the critical energy bar¬ 
rier defined earlier. Equation (12b) is the definition of H f 
originally given by Gaunt, 16 and has been the starting point 
of a number of attempts (e.g., Ref. 17) to explain the relation 
between H f and the coercive force, the so-called Barbier 
plot. 18 It is relatively easy to study Hf using analytical theo¬ 
ries for simple model systems. The problem of determining 

via micromagnetic calculations for more realistic systems 
is at a very early stage. Essentially the problem is that via 
Eq. (12) Hf is related to the energy barrier, which is not 
determined in the standard micromagnetic approach. This 
problem will be considered in detail in the final section of the 
article. 

Finally we briefly indicate here the approach to magnetic 
viscosity based on a constitutive equation. 19 This phenom¬ 
enological approach has proved very useful in the study of 
magnetic viscosity, especially via the definition of new meth¬ 
ods of determining H f . These methods avoid the determina¬ 
tion of [necessary for the direct determination of Hf us¬ 
ing Eq. (10)] which itself is a quantity dependent on the 
measurement time. Details of this approach are given in the 
current issue. 20 

IV. MODELS OF TIME DEPENDENCE IN THIN FILMS 
WITH PERPENDICULAR ANISOTROPY 

The first simulation of time-dependent magnetic behav¬ 
ior for an interacting many-particle system was made in 
li/36 21 using a Monte Carlo technique. We shall describe the 
model in some detail here, since it essentially forms the basis 


of most subsequent treatments. The first study 21 considered a 
three-dimensional lattice of particles interacting via a mag¬ 
netostatic field. An important result of this study, which also 
features strongly in recent work is the fact that logarithmic 
time dependence can result in a system with a single intrinsic 
energy barrier due to a spread of interaction energies. Thus 
the disorder which appears necessary for logarithmic time 
dependence has an intrinsic contribution from the probabilis¬ 
tic nature of the reversal process itself. 

Simulations of films with perpendicular anisotropy were 
prompted by the experimental work of Dahlberg et al. 22 on 
CoCr films, who observed a strong time dependence of the 
magnetization (driven by the demagnetizing field) which re¬ 
sulted in a time decay of a recorded signal. In the recording 
context we also note the work of Charap 23 who has used a 
Monte Carlo model to study the thermal stability of written 
information in longitudinal granular media. Because of the 
strong demagnetizing fields in the transition region the ther¬ 
mal stability is much reduced, leading to the conclusion that 
the ultimate lower limit of grain size in conventional record¬ 
ing is significantly larger than the superparamagnetic limit 
which is often assumed. 

A. A Monte Carlo model 

Central to the calculations is the determination of the 
energy barrier, which essentially governs the transition rate 
via the Arrhenius-Neel law. The film is considered to consist 
of a collection of grains with anisotropy easy axes oriented 
perpendicular to the film plane. In practice there will be a 
distribution of easy axis directions about the normal to the 
plane. However, the time dependence is most strongly de¬ 
pendent on the large demagnetizing fields and the spread of 
interaction energies and consequently the disorder due to the 
easy axis distribution is neglected. The grains are assumed to 
interact via the magnetostatic field, which can be calculated 
using standard techniques such as the fast Fourier transform 
or the Bethe-Peierls-Weiss approximation used in Ref. 21. 
In addition it is possible to introduce an exchange interaction 
which is necessary for the simulation of magneto-optical 
films. Assuming coherent rotation within individual grains 
the energy barrier is given by 

A E=--KV(\-HJH k ) 2 , (13) 

where H tot =H+H iM is the sum of the applied and magneto¬ 
static interaction field, respectively. Each individual grain 
has a characteristic relaxation time determined by the energy 
barrier and the Arrhenius-Neel law, Eq. (1). The numerical 
simulation is most efficiently carried out using an algorithm 
described by Binder. 24 The algorithm is as follows: 

(1) The time is set to r=0. 

(2) t' is sampled at random from a distribution 
Nr exp (-Nrt 1 ) where N is the number of particles 
and r=max{r „} where r v is the relaxation rate of the 
vth particle: r v = f 0 exp( - A E v lkT). 

(3) A moment v is selected at random, l^v^N, 

(4) With probability r v /r we accept the reversal. 

(5) Steps (2) to (4) are repeated until an equilibrium 
state is reached. 
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FIG. 2. Time variation of magnetization in a perpendicular thin film. 

This approach has the advantage of scaling the steps 
along the time axis according to the transition rate at a given 
point in the process. Consequently it is possible to simulate 
the magnetic relaxation efficiently over extremely large time 
scales. 

Simulations were first carried out in zero applied field 25 
on an ensemble of particles of identical size, consisting of 
prolate ellipsoids with a 7:1 aspect ratio. As shown in Fig. 2 
over many orders of magnitude the decay is nonlogarithmic. 
However, over the typical experimental time scale an ap¬ 
proximately logarithmic slow relaxation is predicted, in 
agreement with experiment. Within this region it is possible 
to define a coefficient of magnetic viscosity S. The tempera¬ 
ture dependence of S shows slow monotonic increase to a 
broad maximum followed by a rapid decrease to zero. This is 
broadly in agreement with experiment, indicating that the 
essential features of the model, in terms of interaction ef¬ 
fects, are correct. There is however, a major discrepancy in 
the grain size predicted from a fit between theory and experi¬ 
ment which is very small in comparison with the physical 
size of the CoCr columns. This can be interpreted in terms of 
a micromagnetic model of magnetization reversal. Generally, 
magnetization reversal in elongated particles takes place by 
incoherent rotation, which can be viewed as the nucleation of 
a volume of reverse magnetization followed by propagation 
of the reversed area throughout the particle. The energy in¬ 
volved with the nucleation is clearly less than required to 
reverse the whole particle by rotation. Consequently a re¬ 
duced effective volume for the model simulations is not un¬ 
reasonable. The micromagnetic implications of this observa¬ 
tion will be described in the final sections of the article. 

B. Analytical models of slow relaxation In 
perpendicular media 

In the Monte Carlo simulations there is a strong contri¬ 
bution to the logarithmic time dependence arising from the 


disorder produced by the interaction field distribution. How¬ 
ever, materials with perpendicular magnetization have a 
unique feature in that logarithmic time dependence can occur 
as a result of the macroscopic demagnetizing field. A simple 
mean-field model can give very useful results in comparison 
with experiment. Mean-field models have been proposed by 
Lottis et al. 26 and Lyberatos et al. 21 Consider a material with 
perpendicular anisotropy and particle size V with a distribu¬ 
tion function f(V). TTie interactions are represented by a 
mean-field formalism, the total field being the sum of the 
applied field and demagnetizing field, i.e., H-H-N d M. 
The variation of magnetization with time is the interval f 0 10 
t given by 

M(V,t)=M(V,t 0 ) + [M e (V)-M(V,t 0 )] 

X [i —e-t'-'o)'- 1 ], (14) 

where Af (f 0 ) and M e are the reduced initial and equilibrium 
values of the magnetization, respectively. If the relaxation 
time is given by the Arrhenius-Neel law it can be shown that 
M e and r are given by 

M e { V)= lanhiMsHV/kT), (15) 

and 

r -1 (V) = 2 /o exp 

Im s vh\ 

X coshl - ^ . I for |A|< 1 

and 

T- l (V)=f 0 for |*| »1, (16) 

where h-HIH K . In order to calculate the time evolution of 
the magnetization we approximate the decay by a series of 
discrete time intervals that can be made arbitrarily small 
thereby approximating a continuous process. Thus, taking 
into account the particle size distribution we have that 

Af(r n+ 1 )=Af(/„)+J [M e (V,M)~M(V,M)] 

x{l-exp {-(t n+l -t n )T-'(V,M)]}f(V)dV 

(17) 

the transcendental nature of Eq. (17) is stressed here by writ¬ 
ing M e and r as explicit functions of M. In Ref. 27 a nu¬ 
merical solution of Eq. (17) was made using a log normal 
volume distribution. The results do not depend strongly on 
the form of f(V) as long as this is narrow. 

The analytical results agree qualitatively with the com¬ 
putational studies. An initial rapid demagnetization is fol¬ 
lowed by a quasilogarithmic region. The initial demagnetiza¬ 
tion arises because in the strong demagnetizing field the 
relaxation times are short and also M e =- 1. Ultimately of 
course as the time-dependent process proceeds the demagne¬ 
tization field decreases and the system tends to a state of zero 
magnetization. An approximate analytical approach to the 
problem of relaxation in perpendicular media has been car¬ 
ried out by Chantrell et al. 2 * which clarifies certain features 
of the experimental data and reinforces the intimate relation- 


KV 
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ship between slow relaxation and micromagnetics. Starting 
from the Eq. (2) and assuming coherent rotation, it can be 
shown that for large demagnetizing fields the magnetization 
is a solution of the equation 

J dM exp[/?(l-/i 2 )]/(l+M) = -//o, (18) 

where (3=KV/kT, and in zero field h=N d M/H k . Using a 
steepest descent approach it can be shown that the magneti¬ 
zation at remanence decreases logarithmically with a normal¬ 
ized time-dependence coefficient S r =d(MIM r )ld ln(r) 
given by 

S r =\(3~ xa . (19) 

This approximate equation is valid for relatively short 
time scales. A more detailed treatment shows S r to be a 
slowly decreasing function of ln(f) (in agreement with ex¬ 
periment) with the magnetization decay tending to an expo¬ 
nential as It should be stressed that the volume in Eq. 
(19) is in principle the physical volume rather than the acti¬ 
vation volume defined earlier. In Ref. 28 a comparison is 
made with the experimental behavior of alumite media, 
which consist of elongated metal particles oriented perpen¬ 
dicular to the plane and which are prepared by the deposition 
of iron into oxidized aluminum. It has been experimentally 
demonstrated that alumite samples reverse incoherently by a 
mechanism close to curling. 29 Essentially it is found that Eq. 
(19) is obeyed well for alumite, however the best fit to the 
data is obtained using an effective activation volume equal to 
0.05 times the physical column volume. Given that alumite 
exhibits incoherent reversal of a type which might be thought 
of as nucleation of a reversal followed by propagation, this 
small activation volume seems intuitively reasonable. How¬ 
ever, a complete understanding of this phenomenon requires 
a very detailed micromagnetic study, which is the subject of 
the final section of this article. 


V. THERMAL ACTIVATION: THE MICROMAGNETIC 
APPROACH 

Thus far all the theoretical developments have been 
based on the assumption of magnetization reversal by coher¬ 
ent rotation in single domain particles. However, the com¬ 
parison with experiment leads inevitably to the conclusion 
that magnetization reversal involves thermally activated 
nucleation followed by propagation of the reverse domain. 
The latter process may be hindered by pinning, in which case 
the movement of a domain wall from a pinning site is itself 
a thermally activated process. It should perhaps be stressed 
that this presents a problem fundamentally outside the clas¬ 
sical micromagnetic formalism. Micromagnetism is based on 
the determination of stationary states and their evolution 
with respect to changes in external parameters such as the 
applied magnetic field. Magnetization reversal occurs when 
the local energy minimum in which the system is situated 
disappears resulting in a transition to a new stationary state. 
Modem investigation using numerical techniques generally 
determines stationary states using the Landau-Lifschitz dy¬ 
namic equation. This approach more reliably determines the 


stationary state after magnetization reversal. However, this 
approach is not valid at a finite temperature. Here we outline 
two rather different theories of micromagnetism at a finite 
temperature, the first valid for short time scales and the sec¬ 
ond applicable to slow dynamic behavior. 

A. Langevin dynamics formalism 

This approach takes account of collective magnetic ex¬ 
citations in the system, recognizing that ultimately thermal 
agitation occurs via spin waves. The theory is essentially an 
extension of Brown’s model 30 of thermal activation to sys¬ 
tems with large numbers of degrees of freedom. The dy¬ 
namic behavior of a spin is governed by the Landau- 
Lifschitz equation 

= y 0 Mx H+ MX (MX H), (20) 

where y is the gyromagnetic ratio and \ is the damping 
parameter. At a finite temperature the stochastic dynamics of 
the spin can be described by adding a fluctuating “random 
field” term to the deterministic field arising from interaction 
effects in addition to the applied field. Thus Eq. (20) be¬ 
comes the Langevin equation of the problem. Using this for¬ 
malism Brown JU derived an analytical expression for the re¬ 
laxation time associated with thermally activated reversal of 
a single particle. A model of thermal activation in a micro- 
magnetic system of coupled spins has been proposed by Ly- 
beratos et a/. 31 Briefly, the technique involves linearization 
of the equation of motion followed by a transformation into 
the normal coordinates which essentially decouples the equa¬ 
tions. The statistics of the random field can then be deter¬ 
mined using the fluctuation dissipation theorem. This model 
was first used to study magnetization reversal in the simplest 
micromagnetic system of a pair of magnetostatically coupled 
particles. 32 Essentially, the set of integrated Langevin equa¬ 
tions is solved numerically, leading to a switching behavior 
resembling a random walk over the energy barrier. Among 
the results given in Ref. 32 are detailed calculations of the 
pre-exponential factor / 0 in the Arrhenius-Neel law. In par¬ 
ticular, a dependence of f 0 on the applied field and strength 
of coupling between the particles was demonstrated. In ad¬ 
dition thermal agitation was shown to have a profound effect 
on the reversal process itself. Significant deviations from the 
deterministic (symmetric fanning) mode are found at a finite 
temperature, the magnitude of which depends on the tem¬ 
perature and the interparticle coupling. This has two impor¬ 
tant effects from the micromagnetic viewpoint. First, a rever¬ 
sal to an antiparallel state after switching becomes possible 
in addition to the parallel state expected at zero temperature. 
Second, it is found that there appears a temperature depen¬ 
dence of the effective energy barrier. Physically this is be¬ 
cause of the departure from the ideal reversal mode induced 
by thermal perturbations as a result of which many unsuc¬ 
cessful reversal attempts are made in directions other than 
those leading to the saddle point of the transition. We note 
that these effects are important for reversal over low energy 
barriers, i.e., reversals involving very short time scales. The 
model described here cannot realistically be applied to rever- 
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sals in slow dynamic time scales. In order to Judy slow 
dynamics it is necessary to calculate energy barkers directly. 
This is a problem which is being given increasing attention. 
In the following, we outline some recent energy barrier ap¬ 
proaches. 

B. Energy barrier models 

Slow relaxation in multivariate systems such as a par¬ 
ticle in the micromagnetic formalism is best approached by 
direct determination of the energy barrier and the determina¬ 
tion of the relaxation time using the Arrhenius-Neel law 
[Eq. (1)]. However, the determination of the minimum en¬ 
ergy barrier on a complex energy surface is a difficult prob¬ 
lem and one not amenable to the usual micromagnetic ap¬ 
proach. An early model was given by Lyberatos and 
Chantrell. 33 This model uses a minimization approach to de¬ 
termine the energy barrier. The algorithm was found to give 
physically reasonable results for the variation of energy bar¬ 
rier with particle size, leading ultimately to the prediction of 
a peak in the variation of H c with particle diameter, in agree¬ 
ment with the early experimental work of Kneller and 
Luborsky. 34 An interesting result, which highlights the im¬ 
portance of the thermal effects is the prediction of a ther¬ 
mally induced flower to vortex state transition in zero field. 
This assists nucieaiion via a mechanism close to curling and 
leads to a lower coercivity than predicted by the previous 
computations. 35 However, this approach, although providing 
useful physical results, significantly overestimates the energy- 
barrier, and a number of other approaches have been 
adopted. 

The study of energy barriers in the micromagnetic prob¬ 
lem is thus of considerable importance. For the simplest case 
of two interacting particles analytical approaches 36,37 have 
given useful results and in particular 37 it was shown that the 
activation volume is related to the change of magnetization 
required to reach the saddle point of the transition, which is 
consistent with the definition proposed by Gaunt. 16 The su- 
perparamagnetic transition has also been studied via numeri¬ 
cal approaches in a chain of spheres. 38 However, both these 
approaches rely on constrained optimization, which is known 
to lead to potential numerical problems in complex systems. 
A more recent development is a novel random search ridge 
method for saddle point detention on hypersurfaces. Essen¬ 
tially a ridge method is used, employing the linear fluctua¬ 
tion theory outlined earlier 31 to choose the initial direction of 
search for the ridge. This enhances the simulation by the 
introduction of the lowest eigenmodes into the thermal acti¬ 
vation problem. A detailed study of the topology of the en¬ 
ergy surface for three interacting particles using this tech¬ 
nique will be published elsewhere. 39 
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Time dependence of switching fields in magnetic recording media (invited) 

M. P. Sharrock 

Digital Media Laboratory, 3M, 236-3C-02, 3M Center, St. Paul, Minnesota 55144-1000 

Coercivity and other experimental measures of switching field depend upon the time scale of 
interest. This time-scale dependence has practical importance in magnetic recording, because the 
effective time scales of writing and storage are very different. A simple model accounts for the 
time-scale dependence of coercivity in terms of the thermally assisted crossing of an energy barrier 
whose height is reduced by the applied field. Fitting this barrier-crossing model to data provides an 
estimate of the volume that must switch magnetization direction in overcoming the barrier. The 
assumption of Stoner-Wohlfarth reversal is used to obtain an initial estimate of the dependence of 
the barrier height on the field. With some adjustment of the resulting energy expression, the model 
gives good agreement between calculated switching volume and actual particle volume for 
advanced recording particles of three types: acicular oxide, acicular metal, and barium ferrite 
platelets. The model can be used to estimate minimum practical particle volumes for use in magnetic 
recording. Switching due to fields nearly perpendicular to the particle’s preferred axis, sometimes 
used as a measure of the anisotropy field, also shows the effect of thermal assistance. The switching 
volume determined from such measurements, like that from coercivity, approximates the particle 
volume. 


I. INTRODUCTION 

Current magnetic recording media encode information, 
whether digital or analog, as magnetized zones in the surface 
of a tape or disk. The minimum dimension of these features 
is on the order of a micrometer (typically 0.5 /urn in ad¬ 
vanced applications). This paper will focus on media of the 
particulate construction, 1 as opposed to those made by thin- 
film deposition. A particulate medium consists of a support 
material upon which is coated a dispersion of magnetic par¬ 
ticles in organic polymers, along with solvents, lubricants, 
and other necessary components. Usually the coating is ex¬ 
posed to a magnetic field before drying in order to impart a 
magnetic orientation to the particles. The particles have 
maximum dimensions, length for acicular particles and di¬ 
ameter for platelets, on the order of a tenth micrometer 
(0.05-0.2 /rm, for advanced materials). They are generally 
assumed because of their size to be single-domain particles. 
The particle size is extremely important to the recording 
resolution, signal-to-noise properties, and magnetic stability 
of the medium. 2 Recent years have seen significant reduction 
in particle sizes of all compositions used in recording. 

One of the most important magnetic properties of the 
particles used in a recording medium is the remanent coer¬ 
civity, which is essentially the median switching field. For 
convenience, the intrinsic coercivity (applied field that re¬ 
duces magnetization to zero after saturation in the opposite 
direction) is more commonly specified; it is often (and here) 
referred to simply as the coercivity. The coercivity value de¬ 
termines the field needed to record, and also to erase or over¬ 
write, information on the medium. Thus it must not be ex¬ 
cessively large. The coercivity must, however, be adequately 
large to prevent long-term demagnetization during the de¬ 
sired life of the information (typically years); this implies 
adequate resistance to fields from both internal and external 
sources. 

Time-dependent magnetic phenomena have been well 
known for over 40 years, 3,4 and were in fact described over a 


century ago. 5 In particular, the coercivity value depends upon 
the time scale of the process used to induce magnetic rever¬ 
sal. That is, the value of the fixed field required to reduce 
magnetization to zero from saturation decreases as one in¬ 
creases the time that it is allowed to act. Similarly, the coer¬ 
civity measured in a swept-field hysteresis loop increases 
with the sweep rate. 2,6 ' 7 

These time-dependence considerations are highly rel¬ 
evant to magnetic recording technology, in which the time 
scale of the writing process may be on the order of 10~ 8 s 
and that of the desired storage stability on the order of 10 t8 
s. The usual laboratory methods cannot investigate behavior 
over this huge range, covering 16 orders of magnitude, al¬ 
though recent pulsed-field experiments 8 have begun to probe 
behavior at and below its lower end. A vibrating-sample 
magnetometer (VSM) typically has a time scale on the order 
of 1 s, and a 60-Hz magnetometer has an effective time scale 
of 10 -5 -10~ 6 s. 7 The model described here and 
previously 2,6,7 allows the interpretation of such laboratory 
experiments in terms of physical quantities and also the ex¬ 
trapolation to the much longer and shorter time scales of 
interest in recording. Reducing the switching volume has the 
effect of increasing the amount by which the “writing coer¬ 
civity” exceeds the “storage coercivity.” Thus the trend to¬ 
ward smaller particles for benefits in signal-to-noise ratio, 
resolution, and surface smoothness will at some point be 
limited by time-dependence considerations. This potential 
limitation has been discussed in the past 2 and will be re¬ 
evaluated in Sec. IV. 

II. MEASUREMENTS AND MODEL 

The essential origin of time-dependent magnetic behav¬ 
ior in small particles is the thermally assisted process of 
crossing an energy barrier that occurs in magnetic 
switching. 3,4,9 ' 11 The conventional Arrhenius formulation for 
the rate constant r, the probability per unit time of successful 
crossing, is 
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r=A exp(- AE/kT). (1) 

The factor A is assumed to have a negligible dependence on 
field and temperature; k is Boltzmann’s constant and T is the 
absolute temperature. The role of an externally applied mag¬ 
netic field is to decrease the energy barrier A E until switch¬ 
ing occurs on the time scale of interest. Equation (1) would 
suggest that in the presence of a constant opposing field, the 
magnetic moment m(t) of a collection of particles decays 
exponentially with time t from an initial saturated value m 0 
as 

m(t)=m 0 [2 exp(-rf)-l]. (2) 

This exponential behavior would in fact be observed for an 
ensemble of noninteracting particles having identical mag¬ 
netic properties. Particles in actual recording media, how¬ 
ever, exhibit distributions of particle size and shape (and pos¬ 
sibly composition). This distribution of physical properties 
leads to a distribution of magnetic properties, which may be 
further complicated by the variety of interparticle magnetic 
interactions that can occur. The result is that observed behav¬ 
ior is nonexponential. 12 The decay of m(t) in the presence of 
a constant field is often found to approximate a linear depen¬ 
dence on some power of the logarithm of time. 13 Such a 
function can be viewed as the superposition of many expo¬ 
nential decays, representing a distribution of magnetic prop¬ 
erties such as switching field. Another way of measuring 
time dependence is the recording of hysteresis loops of dif¬ 
fering sweep rates; 6,7,14 by combining an ac instrument (e.g., 
60 Hz) with a VSM, this technique can allow a greater range 
of time scales than is convenient in constant-field decays. In 
both types of experiments, one must take the distribution of 
properties into account. A straightforward way of doing this 
is to focus attention on the center, or peak, of the switching- 
field distribution (SFD) and to consider the coercivity as rep¬ 
resenting the material at this peak. It will be assumed that in 
some approximation the peak of the SFD is associated with 
the peak of the distiioution of other relevant parameters, 
such as switching volume. In other words, the coercivity 
characterizes the switching of the most typical, or significant, 
particles in the sample. (One needs to assume also that sub¬ 
stantially the same material is represented by the peak of the 
SFD at all time scales of interest.) Obtaining constant-field 
decay curves that represent the same part of the SFD [that is, 
the same value of the measured moment m(f)] over a sig¬ 
nificant range of time values can be difficult. Over a limited 
time range, curves for significantly different field values may 
occur at very different m(t) values and thus represent differ¬ 
ent parts of the SFD. The slopes of the curves will in fact 
reflect the height of the SFD for these fields. 15,16 The switch¬ 
ing volumes associated with these points of the SFD may 
well be different. In order to concentrate on one part (the 
peak) of the SFD, a large range of experimental time scales 
may be more easily attained by using hysteresis loops, and 
the resulting coercivity values, for different sweep rates. The 
loops present their own difficulties, however. One must as¬ 
sign an effective time scale, t in Eq. (1), to the experimental 
sweep rate. This assignment can be done; 7,13,17 as expected, 


the t value is approximately inversely proportional to the 
sweep rate but also depends upon the strength of the time- 
dependent effects shown by the sample. 

Equation (1) will be used with the above assumptions 
and interpretations. The factor A in Eq. (1) is an “attempt 
frequency” for barrier crossing. It can be estimated in a num¬ 
ber of ways, 10 including simple precession, and appears to be 
on the order of 10 9 s _1 . A range of values around this esti¬ 
mate will be considered. 

The energy barrier A E depends upon the value of a vol¬ 
ume that is called below the “switching volume” and desig¬ 
nated by V. This parameter is defined here as the volume of 
material that must rotate magnetically in the process of over¬ 
coming the rate-limiting energy barrier. In switching by co¬ 
herent rotation, this would be expected to be the entire par¬ 
ticle volume (assumed single-domain at the sizes of interest). 
In more complex reversal modes, the switching volume 
might be a fraction of the particle volume, 18 the portion that 
must rotate in order to initiate the reversal process of the 
whole particle. If reversal is incoherent but simultaneous, 
however (as in fanning 19 ), V might conceivably be the entire 
particle volume. 

The model assumes single-domain particles having 
uniaxial magnetic anisotropy, with anisotropy energy of the 
form K sin 2 6 (angle 6 between the preferred axis and the 
moment vector). For the case of the applied field being ex¬ 
actly aligned with the preferred axis and opposing the initial 
magnetization, 6,9 

AE=KV(1-HIH 0 ) 2 , (3) 

with 

H 0 -2K!M. (4) 

The first-order anisotropy constant is designated by K, the 
magnetization intensity of the particle by M, and the external 
field strength by H. (Note: AE = 0 for H=H 0 .) The switch¬ 
ing volume V used here cannot be identified with the “acti¬ 
vation volume” V acl discussed by others. 15,16,20 V act , as usu¬ 
ally defined, is explicitly field dependent. For the special 
case of perfect alignment of H with the preferred axis, V M 
can be interpreted in terms of the change in magnetic mo¬ 
ment, projected onto the preferred axis, that occurs in over¬ 
coming the barrier [Ref. 20, Eq. (26), and Ref. 16, Eq. (12)]. 
The V used here can best be identified with the value of the 
“critical volume” 16 that applies when the field is equal to the 
coercivity. 

The case of perfect alignment of field and preferred axis 
is an improbable one in a collection of particles having even 
a modest distribution of orientations. Actual recording media 
have substantial distributions, despite efforts to orient them. 
[Typical ratios of remanent to saturated moment near 0.8 
indicate mean deviations of roughly cos _1 (0.8), or 35°, from 
the intended direction.] Victora 21 has presented a theoretical 
argument that with the field not aligned with the preferred 
axis, the exponent in Eq. (3) is expected to be 3/2, for very 
general anisotropy, even including interactions. The Stoner- 
Wohlfarth (SW) model of reversal 22 also indicates an expo¬ 
nent that can differ from 2. Using the approximation of 
Pfeiffer, 23 one can use the SW model to write 
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FIG. 1. Dependence of Stoner-Wohlfarth parameters, used in Eqs. (6)-(9), 
on the (minimum) angle ip between the applied field and the preferred axis 
of a particle. 


AE=KV(1-H/H 0 ) m , 

"l 

(5) 

1 

H 0 =2xK/M, 

(6) 

m** 0.86 + 1.14*. 

(7) 


For later convenience, subsequent expressions will use the 
definition 

n^l/m. (8) 

As in the case of perfect alignment, A£=0 for H-Hq. The 
dependence of H 0 (that is, of x) on the angle ip between the 
field direction and the preferred axis is the familiar SW one: 

*=[cos 2/3 ( ip) + sin 2/3 ( i/0] ~ 3/2 . (9) 

Figure 1 shows this behavior (x= 1.0 for ip= 0° or 90°; 
jc= 0.5 for i/r=45°). Using Eqs. (5)-(8) and defining coer- 
civity H c (t) as the field that produces reversal of half of the 
sample in time /, 

H c (t)=H 0 {l-[(kT/KVMAt)] n }. (10) 

(A relatively insignificant factor of 0.693, shown in earlier 
work, 2,6 has been absorbed into A for convenience.) Figure 1 
shows the behavior of the exponent n in the SW model, using 
the Pfeiffer approximation. Figure 2 shows a plot of Eq. (10) 
for typical parameters, where the experimental time scale t is 
the duration of a constant or pulsed field and/or the equiva¬ 
lent values for swept-field experiments. 7 As was stated 
above, the coercivity is interpreted as representing the 
switching of material at the peak of the SFD and also the 
peaks of other relevant distributions. Thus Eq. (10) is taken 
to represent the most “typical” particles in the medium. 

III. RESULTS 

Equation (10) has four unknowns: H a , A, n, and the 
product KV. If one is willing to assume plausible values for 
A and n, the other two can be determined from two measured 
coercivity values of sufficiently differing time scales. This 
has been done in the past, using a VSM and a 60-Hz 
instrument. 2-6 Further, if the magnetization intensity M is 



Experimental time-scale (s) 

FIG. 2. Plot of Eq. (10), which models the dependence of measured coer¬ 
civity on time scale r, for f/ 0 = 1800 Oe, n = 1/2, A = 2x 10 9 s' 1 , 
V=3.0X 10' 17 cm 3 , and M =300 emu/cm 3 . Relevant time scales for mag¬ 
netic recording and experimental measurements are shown. 

known, K and V can be determined separately, using Eqs. (6) 
and (7). These calculations allow the interpretation of the 
time dependence of coercivity in terms of physical param¬ 
eters, and also the extrapolation to coercivity values for the 
experimentally difficult recording and storage time scales 2,6 
If more than two experimental time scales are available, de¬ 
termination of more than two parameters is possible. Figure 
3 shows data and a typical fit for a tape containing cobalt- 
modified acicular iron oxide particles. As in all coercivity 
measurements reported here, the applied field direction coin¬ 
cides with the direction of intended magnetic orientation in 
the sample; the preferred axes of individual particles are dis¬ 
tributed around this direction. The oxide particles are rela¬ 
tively small examples of this type of material, about 0.2 /an 
long, and are commonly used in advanced video and data 
tapes. The data are from a VSM, run at various sweep rates, 
and a 60-Hz instrument. Four parameters are still too many 
to fit meaningfully. Therefore a value of A was chosen and 
fitting was done on // 0 , KV, and n. Equivalently good fits 
were achieved over a range of A values. Figure 4 shows the 
relationship between fitted n and assumed A. The switching 
volume V was computed, using Eqs. (6) and (7), with a mag¬ 
netization M of 340 emu/cm 3 . The value of V depends upon 
the assumed value of A, but not very sensitively. However, it 
is very interesting that the best agreement between V and the 



FIG. 3. Experimental data showing measure coercivity vs experimental time 
scale t, for tape containing acicular cobalt-modified iron oxide particles. 
Line is a fit of Eq. (10), for A = 3X10 9 s' 1 , and is the basis for one of the 
points in Fig. 4. The fitting parameters are H 0 , n, and the product KV. 
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FIG. 4. Plot of values of n vs chosen values of A, obtained by fitting Eq. 
(10) to the data in Fig. 3. Magnetization M is 340 emu/cm 3 ; this is used to 
calculate the value of the switching volume V from the fitted values of H a , 
n, and the product KV that result for each value of A. The dotted line shows 
a least-squares fit, yielding n-\. 115-0.0606[logC4/s -1 )]. 


particle volume estimated from transmission electron mi¬ 
croscopy (TEM) occurs for n approximately 0.63, close to 
the 2/3 predicted by Victora 21 and for A about 10 8 s” 1 , in 
reasonable agreement with results of Doyle et al} The value 
of 0.63 for n is somewhat lower than would be expected in 
SW reversal for the sample’s degree of orientation. The 
remanence-to-saturation ratio is 0.88, which indicates aver¬ 
age angular deviations of nearly 30°. The SW model [Eqs. 
(7)—(9); Fig, 1] predicts an n value of 0.68 for this angle. 

Another sample studied was a tape containing barium 
ferrite platelets, of a type currently of interest for advanced 
applications. This experimental tape had a relatively low de¬ 
gree of magnetic orientation (remanence-to-saturation ratio 
of 0.63), which tends to minimize the interaction effects. 
These can be very strong in barium ferrite, 24,25 especially 
when highly oriented. 26 Because of the low degree of orien¬ 
tation, « will be initially estimated as 0.7. This is the maxi¬ 
mum allowed in SW reversal; see Fig. 1. The measured co- 
ercivities were 1460 Oe for the 60-Hz loop and 1290 Oe for 
the VSM run at 13 Oe/s sweep rate. The effective t values for 
these measurements can be estimated 7 as 1.5 X10” 5 s and 0.8 
s, respectively. The hysteresis loops were recorded to limits 
of ±3240 Oe (the maximum possible) with the 60-Hz instru¬ 
ment, and ±2940 Oe with the VSM. These limits provide 
that the ratio of maximum applied field to measured coerciv- 
ity is approximately the same in the two instruments, in order 
to avoid the possibility that one produces more complete 
saturation of the sample than the other. (This precaution is 
necessary only because of the relatively low 60-Hz field ca¬ 
pability relative to this sample.) The results of fitting, using 
0.7 for n, 10 9 s” 1 for A, and 300 emu/cm 3 for M, are given in 
Table I. 

In addition, remanence coercivities were measured in the 
following way: A fixed reverse field, opposite the direction 
of initial magnetization by a field of 11 kOe, was applied. 
Periodically, the reverse field was shut off and the remanence 
measured. The total accumulated field exposure time re¬ 
quired to reduce remanence to zero was taken to be the t 
value for remanence coercivity H r equal to this reverse field. 
The results were t values of 10 and 290 s for H r values of 


1350 and 1300 Oe, respectively. The results of fitting these 
values, using the same values for n, A, and M, are also shown 
in Table I. 

The agreement between the two coercivity methods with 
regard to V is good. The average is given in Table I, with a 
measure of the uncertainty resulting from their spread. The 
9% increase in H 0 from the first to the second line is typical 
of a remanence coercivity relative to the coercivity from a 
scanned loop. These results are not very sensitive to the 
value chosen for A; variation over the range 2X10 8 -3X10 9 
s” 1 produces an insignificant difference (3%-5%) in H 0 
and V. 

TEM pictures indicate that most of the particles have 
volumes of 2-3X10” 17 cm 3 . The factor-of-2 discrepancy be¬ 
tween the model calculation of V and the apparent particle 
size may not be significant, in view of various assumptions 
made in the model and the difficulty of estimating represen¬ 
tative TEM volumes. (Particle size is quite nonuniform.) The 
discrepancy is largely removed (calculated V*=2X 10” 17 
cm 3 ) if «**(). 6, close to the value found for the acicular 
oxide. This n value would in SW reversal [Eqs. (7) and (9); 
Fig. 1] be appropriate for a very well oriented sample, which 
is not the case. 

It seems worthwhile to investigate the possibility that the 
switching volume V is less than the total particle volume 
because of an incoherent mode of switching. This would be 
plausible in view of recent theoretical work. 27 The method of 
Flanders and Shtrikman, 28 applied previously to barium fer¬ 
rite anisotropy studies, 25,29 allows measurement of switching 
by only those particles whose preferred axes lie nearly per¬ 
pendicular to the applied field, as in Fig. 5. Even if switching 
at lower <p values in the usual coercivity measurement is 
incoherent, the nearly perpendicular field very likely pro¬ 
duces parallel rotation of the moment throughout the particle, 
and thus coherent switching. In SW reversal, by Eqs. (7)-(9) 
(Fig. 1), the value of n is expected to be close to 0.5 and that 
of x to 1.0. In this study, switching was measured for par¬ 
ticles having ip in the range 85°-90°. The field needed to 
produce this switching was measured as a function of the 
duration of application. The results, shown in Fig. 6, have a 
large amount of scatter, possibly as a result of deviations 
from isolated-particle behavior due to interactions. The fit of 
Eq. (10), using 0.5 for n, yields the values shown in the last 
line of Table I, for M= 300 emu/cm 3 . 

Both the “remanence coercivity” and the “perpendicular 
switching” methods use the measurement of remanent mo¬ 
ment after the application and removal of a field. Therefore 
their H 0 values can be directly compared (Table I). The ratio 
of these two values, 4800/1850=2.6, exceeds the maximum 
ratio, 2.00, that the SW model (Fig. 1) can explain between 
switching fields for different angles. (Recall that because of 
the low degree of orientation the coercivity measurement 
represents particles near the center of the curves in Fig. 1.) 
Therefore it is likely that some form of incoherent switching 
occurs in the coercivity measurement. The agreement of the 
values for V shown in the last two lines of Table I is perhaps 
remarkable in view of the fact that different reversal modes 
may be involved. 

A third material chosen for this study was a tape con- 
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TABLE I. Ba fenite. 


Method 

Initial magnetizing 
field (kOe) 

H 0 (Oe) 

V (10~ 17 cm 3 ) 

Coercivity 

3 

1700 

1.28 

Remanence 

coercivity 

11 

1850 

1.10 

Average of 
above two 



1.2+0.1 

Perpendicular 

switching 

11 

4800±300 

1.3+0.4 


taining metal particles (MP). As with the barium ferrite, the 
coercivity values were measured from loops where the ratio 
of maximum field to coercivity was the same for the 60-Hz 
magnetometer and the VSM. These instruments gave, respec¬ 
tively, 1735 Oe from a loop of ±3170 Oe and 1650 Oe for ± 
3000 Oe. The resulting fit to Eq. (10) yields (with values of 
2/3 for n, 10 9 s" 1 for A, and 1800 emu/cm 3 for M) 

H 0 = 1860 Oe, and, V=0.73X10" 17 cm 3 . 

This value of V represents only the metallic core of the par¬ 
ticle; this core is surrounded by the oxide shell produced by 
the passivation process. Chemical analysis, magnetic mo¬ 
ment, and particle mass density, together with TEM pictures, 
indicate that the core is only about 35% of the particle vol¬ 
ume and that the shell is only weakly magnetic. The TEM 
pictures also show that particle volume is about 3-4X10" 17 
cm 3 . Thus the actual particle core volume appears to be 
about 1.2X10 -17 cm 3 , nearly twice the calculated value of V. 
As in the case of the barium ferrite particles in this study, the 
discrepancy is removed if n is set to approximately 0.6. 
Again, for SW reversal, this is not consistent with the degree 
of orientation in actual media. Equations (7)—(9) require a 
value of less than 10° for ij/ to give an n value of 0.6; this 
would imply a remanence-to-saturation ratio of 0.99. The 
MP tape studied had a ratio of 0.85. 

IV. DISCUSSION AND CONCLUSIONS 

The results presented here represent magnetic switching 
behavior for particulate recording media representing the 
current state of the art in three materials: acicular oxide, 
barium ferrite, and metallic particles. All show significant 



FIG. 5. Diagram of particle in the presence of field nearly perpendicular to 
preferred axis; <p is less than, but close to, 90°. Remanence will switch from 
right to left if moment rotates past the energy barrier. 



Experimental Time-Scale (s) 


FIG. 6. Plot of measured value of near-perpendicular switching field vs field 
application time t. Angle i/iwas in the range 85°-90° in the experiment. The 
fit was done for A = 10 9 s _1 and n= 1/2. The fitting parameters are H 0 , n, 
and the product KV. 

time-scale dependence in typical laboratory experiments. 
The thermally assisted barrier-crossing model discussed here 
is successful in analyzing this time-scale dependence. Using 
SW reversal, 22,23 the model determines switching volumes 
that are within a factor of 2 of particle volumes estimated 
from TEM pictures. With the assignment of the exponent n 
to a value of 0.6, rather than 0.7 as determined from SW 
reversal for typical particulate orientation, the agreement is 
essentially perfect (within the precision of determining TEM 
volumes). The good agreement between calculated V and 
particle volume for n values of 0.6, rather than 0.7, may 
indicate that the dependence of A E on applied field is not 
accurately given by SW reversal. Regardless of the reversal 
model used, however, the barrier-crossing model described 
here can be expected to be useful in extrapolating from co- 
ercivities measured in the laboratory to the much shorter and 
longer times relevant to magnetic recording and storage of 
information. 

By using Eq. (10) to estimate coercivities that would be 
relevant to writing and storage time scales, one can obtain an 
estimate of the smallest particle volumes practical for mag¬ 
netic recording. If the highly arbitrary criterion is adopted 
that the coercivity relevant to 3-year storage (10 +8 s) be no 
less than one half of the value relevant to 10-MHz writing 
(10 -8 s), 2 then for A = 10 9 s _I and n = 0.6, 

(^^) mi nimu m =4.3XlO- 12 ergs. (11) 

This is 106X the room-temperature value of kT; Lu and 
Charap found significant decay of simulated high-density re¬ 
corded transitions for a KV value of 60kT. 30 

Using Eqs. (6) and (7), Eq. (11) can be rewritten as 

Vminimun^.lXlO" 12 ergS /H 0 M, (12) 

where V minimum will be expressed in cm 3 if H 0 is in Oe and 
M in emu/cm 3 . The difference between Eq. (12) and similar 
expressions discussed earlier 2 is the use of Eqs. (5)-(7) in 
place of Eqs. (3) and (4). Equation (12), however, does not 
take account of the differing need for long-term coercivity in 
materials of very different magnetization intensity. A simple 
way of estimating this need is through the familiar expres- 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


M. P. Sharrock 6417 









sion of Williams and Comstock 31 for the magnetic transition 
length that results from self-demagnetization: 

a=B r d/2TrH c . (13) 

In Eq. (13), B r is the remanent induction for the medium (in 
G), d the recording depth, and H c the coercivity (in Oe). This 
expression essentially says that a medium having a higher B r 
value needs a higher H c value in order to resist transition 
broadening. If the transitions occur at spacing b, then a rea¬ 
sonable degree of transition sharpness requires 

a^b/4~d/2. (14) 

Equations (13) and (14) together give 

H c ^B r /TT. (15) 

With Eq. (15) as a lower limit for H c (10 8 s), and 2200 Oe as 
an assumed practical upper limit for the writing coercivity 
H c (lO' 8 s), Eq. (10) can again be used to estimate the mini¬ 
mum practical particle volume. With A=10 9 s -1 and «=0.b, 
V mi „i mU ffl=4X10" 18 cm 3 for barium ferrite and 1.1X10 -18 
cm 3 for the metallic core of MP. Assuming a passivation 
shell thickness comparable to that of current MP, the latter 
value implies a volume of 3-4X10 -18 cm 3 for the entire MP 
particle (A/=300 and 1800 emu/cm 3 , fi r =1400 and 3000 G 
for barium ferrite and MP, respectively). 

The estimated minimum practical particle volumes given 
above for MP and barium ferrite are nearly identical; the 
lower self-demagnetization and absence of a passivation 
shell in barium ferrite media compensate for the higher value 
of M that would otherwise appear to give an advantage to 
MP [Eq. (12)]. These calculated values of V m i nimum are sub¬ 
stantially smaller than the volumes of the smallest currently 
available particles (2-4X10“ 17 cm 3 ). Thus the model dis¬ 
cussed here argues that particulate media technology can ad¬ 
vance significantly further toward smaller particles and the 
resulting higher signal-to-noise ratios. 

The barrier-crossing model discussed here will become 
invalid at time scales on the order of 1 1A or less. The values 
of A used here would imply that this limitation occurs at a 
time scale of about 1 ns (10 -9 s), at least for barium ferrite 
and MP. In fact, the observations of Doyle et al. & made with 
extremely short field pulses have shown a pronounced in¬ 
crease of the required switching field with decreasing pulse 
duration at just this order of magnitude. The point at which 
this increase is considered to be significant is somewhat ar¬ 
bitrary. Equation (10), with parameters typical of advanced 
media, gives a l%-2% increase of switching field with each 
halving of the field exposure time t, for times approaching 
the Af-«1 condition. If one defines the onset of the regime 
where the model is no longer adequate as the pulse width 
where the switching field rises about 10% (an order of mag¬ 
nitude more rapidly) per octave, then this appears to occur at 
about 0.6 ns for MP and about 1.5 ns for barium ferrite [Figs. 


3(a) and 4(a) of Ref. 8]. In data-recording terms, the required 
switching field begins to deviate significantly from that pre¬ 
dicted by Eq. (10) somewhere around 1 Gbit/s for both ma¬ 
terials. Since the data rates in anticipated recording systems 
are generally on the order of 10-100 Mbit/s per channel, 
recording processes will probably stay within the regime of 
the model discussed here during the foreseeable future, for 
both MP and barium ferrite. 
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An overview is provided of recent efforts to explore magnetic and related structural issues for 
ultrathin Fe films grown epitaxially as wedge structures onto Ag(100) and Cu(100). Experiments 
were carried out utilizing the surface magneto-optic Kbit effect. Ordinary bcc Fe lattice matched 
to the primitive unit cell of the Ag(100) surface. Fe wedges on Ag(100) can be fabricated whose 
thick end has in-plane magnetic easy axes due to the shape anisotropy, and whose thin end has 
perpendicular easy axes due to the surface magnetic anisotropy. A spin-reorientation transition can 
thus be studied in the center of the wedge where the competing anisotropies cancel. The goal is to 
test the Mermin-Wagner theorem which states that long-range order is lost at finite temperatures in 
an isotropic two-dimensional Heisenberg system. Fe wedges on Cu(100) can be studied in like 
manner, but the lattice matching permits fee and tetragonally distorted fee phases to provide 
structural complexity in addition to the interplay of competing magnetic anisotropies. The results of 
these studies are new phase identifications that help both to put previous work into perspective and 
to define issues to pursue in the future. 


I. INTRODUCTION 

It is of interest to explore magnetic instabilities associ¬ 
ated with competing anisotropies in ultrathin epitaxial films. 
A simple approximation is to equate the two dominant con¬ 
tributions to the anisotropy energy density 

2 K s 

Thia provides the condition for which the “shape” anisot¬ 
ropy {-2ttM 2 ) balances out the surface anisotropy (2KJt), 
where K s is the surface anisotropy constant, t is the thickness 
of the magnetic film, and M is the magnetization. The un¬ 
derlying assumptions are that any other anisotropy terms can 
be ignored, and that the magnetization orientation within the 
film is uniform (i.e., all spins point in the same direction). 
The critical thickness for spin reorientation is 

.. K s 
* vM 1 ' 

For t<t R the easy axis of magnetization is perpendicular to 
the film plf e (i.e., vertical), while for t>t R the easy axis is 
in plane. Tht question is what happens in the vicinity of 
t~t R l 

Recent theoretical treatments and ideas can be summa¬ 
rised. First, in an isotropic two-dimensional (2D) Heisenberg 
system there is no long-range order at finite temperature. 
This is known as the Mermin-Wagner theorem. 1 Hence, spin 
melting might be expected to occur in the vicinity of t R . 
Pescia and Pocrovsky 2 used a renormalization group ap¬ 
proach to consider thermal fluctuations, and concluded that 
the min reorientation occurs as a phase transition at a tem¬ 
peras T r which can be less than the Curie temperature 
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T c . They used the idea of Jensen and Bennemann 3 of a 
transition driven by the entropy of disorder on going from a 
uniaxial to a planar spin configuration as temperature in¬ 
creases. Morr, Jensen, and Bennemann 4 recently used a 
Greens function approach within the random phase approxi¬ 
mation to phenomenologically describe the loss of long- 
range order in the vicinity of the spin-reorientation phase 
transition. However, it is known that even arbitrarily small 
anisotropies can restore long-range order. 5 Therefore, it also 
may be necessary to explore the additional anisotropies, such 
as arise from the bulk or from finite-size effects, or from 
higher-order terms in the expansions of the anisotropies than 
the dominant terms that vary as the square of the magnetiza¬ 
tion. The higher-order terms can manifest themselves in the 
vicinity of i R where the dominant anisotropy terms vanish. 
Experimentally, ultrathin magnetic films are always grown 
on a substrate for which lattice constants and thermal expan¬ 
sion coefficients tend to be mismatched to some degree. 
Thus, epitaxial strain also can influence the magnetic surface 
or interface anisotropy. This has been treated recently for a 
test case, for example, by Victora and MacLaren 6 who used 
electronic structure calculations. 

Alternatively, it also becomes important to explore non- 
uniform magnetization configurations. For example, Yafet 
and Gyorgy 7 considered the conditions necessary to stabilize 
ferromagnetic stripe domains in an atomic monolayer that 
possesses strong surface magnetic anisotropy. They found 
that while the short-range part of the dipolar interaction gives 
rise to the familiar -2vM 2 shape anisotropy term, the long- 
range part, which can be represented as a domain wall-wall 
interaction, can result in a lower energetic state than the uni¬ 
formly magnetized case. Tne wall-wall interaction, however, 
has to be evaluated explicitly for the domain configuration 
under consideration. The domain size will reach an experi¬ 
mentally observable magnitude in the vicinity of the spin- 
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reorientation transition. Thieville and Fert 8 treated twisted 
spin configurations using a micromagnetic approach. Alter¬ 
natively, Erickson and Mills 9 reached similar conclusions for 
canted spin structures by considering spin wave excitations 
in 2D films. They found that the excitation energy becomes 
imaginary in a gap region near the spin-reorientation transi¬ 
tion, implying that there exists a static spin-density wave in 
real space in this region (i.e., the stripe domain structure). A 
striped domain structure in a 2D film can be viewed as a 
one-dimensional (ID) ordered system. It is well known that 
ID ordered states are unstable against thermal fluctuations. 
Indeed, Kashuba and Pokrovsky 10 examined 2D striped do¬ 
mains by means of renormalization group methods and 
found that while thermal fluctuations destroy the regular spa¬ 
tial distribution of the stripe domains predicted by Yafet and 
Gyorgy 7 for the T =0 case, the orientation of the domain 
walls remains stable in the presence of thermal fluctuations. 
Therefore, they reached the conclusion that the 2D stripe 
domains can be mapped onto the smectic liquid-crystal case. 

It is of interest to discuss in more detail the issue of a 
film of fixed thickness that undergoes a temperature- 
dependent spin-reorientation transition from perpendicular at 
low T(T<T r ) to in plane at high T(T>T R ). The question 
arises as to the existence of a temperature gap AT for which 
either long-range order disappears or for which a uniform 
magnetization configuration is unstable with respect to cant¬ 
ing, twisting, or domain formation. Erickson and Mills 
roughly estimate a value of AT/T fi ~0.5% for an ultrathin Fe 
film. A gap due to domain formation can be appreciably 
larger in magnitude than this estimate. This is because the 
gap would signal the T range over which the scale of the 
domain structure shrinks to dimensions that are less than the 
sample size or probing length. 

Much has been said about 2D spin-reorientation phe¬ 
nomena so far, but perhaps the most fascinating aspect to 
appreciate is that it is predicated on the existence of perpen¬ 
dicular surface anisotropy that is strong enough to compete 
with the shape anisotropy of the film. For Fe the shape an¬ 
isotropy gives rise to an ~20 kG demagnetizing field. Thus, 
the s rface anisotropy must be quite substantial in magni¬ 
tude. Neel 11 was the first to recognize that unusually strong 
surface anisotropies relative to bulk anisotropies can exist. 
The bulk magnetocrystalline anisotropy was first attributed 
to the spin-orbit '-'teraction by Van Vleck. 12 Neel recognized 
that strong spin- yit interactions could arise from the bro¬ 
ken symmetry at the surface. Much more recently Gay and 
Richter 13 performed the first computational study to confirm 
that strong surface anisotropies can be anticipated in particu¬ 
lar systems. Wang, Wu, and Freeman 14 have contributed the 
most recent state-of-the-art advances to this demanding ap¬ 
proach. 

Gradmann 15 was the first to experimentally identify per¬ 
pendicular easy axes attributed to strong surface anisotropy 
He recently reviewed his work that dates back to the 1960s 
on a variety of films, in an outstanding book chapter. Jonker 
et al . 16 reawakened interest in the surface anisotropy issue in 
1986. They attributed the nonobservation of spin polarization 
in photoemission experiments on Fe/Ag(100) films as being 
due to the existence of vertical easy axes, and to the technical 


constraint that the spin detectors employed in their experi¬ 
ments were only sensitive to in-plane magnetization compo¬ 
nents. Recent work on surface magnetic anisotropy in ultra- 
thin films have been reviewed in a variety of publications. 17 

Another experimental manifestation of strong surface 
anisotropies can be observed in enhanced coercivity (H c ) 
values displayed in the ultrathin regime. The earliest studies 
of this type are due to Hirsch 18 who observed a factor of ~5 
enhancement in d c for ultrathin Fe interleaved with Cu. 
Bader 19 documented a number of systems for which H c 
peaks in the monolayer region. Engei et al. 20 have observed 
H c peaks in monolayer-range films that occur as a function 
of the thickness of a nonmagnetic overcoating layer. This can 
be due to electronic effects or morphological (i.e., wetting) 
changes in the magnetic layer. Gradmann has documented 
similar examples of coercivity and anisotropy changes due to 
nonmagnetic overcoats. 15 

The first experimental identifications of temperature- 
dependent 2D spin-reorientation transitions in transition- 
metal films are due to Pappas, Kamper, and Hopster. 21 They 
studied both Fe/Ag(100) and Fe/Cu(100). A AT range of 
~20-30 K was identified that had vanishingly small rema- 
nence. Allenspach and Bischof 22 subsequently imaged the 
magnetic domains of Fe/Cu(100) and observed striped do¬ 
mains with smectic liquid-crystal-like orientational order, as 
described by Kashuba and Pokrovsky. 10 However, the ques¬ 
tion is still not answered as to whether the spontaneous mag¬ 
netization, as opposed to the average magnetization, is at all 
reduced or not in the immediate vicinity of the spin- 
reorientation transition. 

In the present work we describe recent surface magneto¬ 
optic Kerr effect (SMOKE) contributions to this fundamental 
problem in 2D magnetism. We first examine Fe/Ag(100) for 
which magnetic instabilities can be studied without concern 
for structural instabilities, since Fe is well lattice matched to 
the Ag(100) square net. Then we progress to the more com¬ 
plex case of Fe/Cu(100) which can exhibit similar spin- 
reorientation behavior to Fe/Ag(100), but also possesses 
structural instabilities. 

fee Fe(100) is lattice matched to Cu(100). In the ultra¬ 
thin limit a tetragonally distorted fee structure is stable. This 
fet structure relaxes to an undistorted fee structure upon in¬ 
creasing the Fe thickness. 23 The fet phase is itself unusual for 
an element. Only elemental Sn has a naturally occurring fet 
phase. In the case of Fe/Cu(100) the fet structure is stabilized 
epitaxially. (This is one of the attributes of modern thin-film- 
magnetism research—the ability to artificially stabilize new 
phases.) Eventually, thicker Fe films grown on Cu(100) 
transform to the equilibrium bcc structure. bcc(llO) epitaxial 
relationships to fcc(100) have been described elsewhere. 24 ' 
Metastable phases, therefore, abound in Fe/Cu(100) as a 
function of growth temperature and Fe thickness. The fet 
spin-reorientation transition, for example, is only found for 
low-T growth (T=s200 K). At higher temperatures the fet 
structure relaxes to fee and the magnetic properties change 
dramatically, as studied recently by Thomasen et al. 25 and Li 
et al Thus, Fe/Cu(100) provides a system rich in magnetic 
and structural instabilities. The interplay of these instabilities 
has intrigued, challenged, and stymied a whole generation of 
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modem researchers. An enormous collective effort has been 
devoted to this system. It is the prototype chosen by many 
who seek a rite of passage into the realm of surface magne¬ 
tism. 

II. EXPERIMENTAL DETAILS 

Background information on the sample preparation, 
characterization, and magneto-optic-measurement techniques 
appear elsewhere. 26-28 For the sake of completeness we 
briefly mention that the Fe samples were prepared by ultra- 
high vacuum evaporation, also known as molecular beam 
epitaxy. The Fe wedges are formed by linear translation of 
the substrate behind a mask during growth. Evaporation rates 
are in the range of 1 monolayer (ML) every —2-3 min. The 
wedges have a slope of ~0.2 ML/mm for Fe/Ag and —1.5 
ML/mm for Fe/Cu. The slopes are substantially larger for the 
Fe/Cu wedges in order to scan the broader region of interest 
that indue 4 --- a range of the fet, fee, and bcc phases. The 
crystals were ~1 cm in length, and the laser beam for the 
SMOKE studies was focused to —0.2 mm. Thus —50 dis¬ 
crete positions could be sampled along a wedge. The sub¬ 
strates were prepared utilizing standard surface-science tech¬ 
niques involving sputter-anneal cycles. Low- and high- 
energy electron diffraction (LEED and RHEED) were used 
to characterize the substrates and films. RHEED oscillations 
during Fe growth are published in Refs. 27 and 28. 

Magneto-optic Kerr-effect measurements were made at 
the He-Ne laser line using p -polarized light. The films were 
magnetized using a split-coil superconducting solenoid that 
provides a homogeneous field with low trapped flux at zero 
current (<10 Oe). Hysteresis loops were generated with no 
attempt to convert to ellipticity units. Ellipticities are re¬ 
ported elsewhere for related film structures. 29 The important 
point for the present studies is that the signal is proportional 
to the magnetization. The remanent magnetization M R was 
used to track the phase transitions in order to avoid possible 
field-induced transitions. The hysteresis loops are used to 
identify the easy axis of magnetization. Square polar loops 
identify vertical easy axes, while square longitudinal loops 
identify in-plane easy axes. To obtain polar or longitudinal 
signals the sample was positioned appropriately within the 
solenoid to face one of two orthogonal laser stations used to 
generate the data. Thus, it was necessary to rotate the sample 
by 90° between full scans of a wedge to obtain data for both 
configurations. This introduced an absolute uncertainty in the 
positioning of the beam along the wedge, but it presented no 
obvious problem for our purposes. The hysteresis loops per¬ 
mitted the H c values to be obtained. They were used to iden¬ 
tify the structural transitions for Fe/Cu and to augment the 
spin-reorientation studies for both systems. 

III. RESULTS 
A. Fe/Ag(100) 

The spin-reorientation transition for Fe/Ag(100) is 
shown in Figs. 1(a) and 2. Figure 1(a) displays the transition 
as a function of temperature for a fixed Fe thickness. This is 
the manner in which the transition was studied originally by 
Pappas et a/. 21 who used polarized electron scattering to 
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FIG. 1. The perpendicular and parallel components of the remanent magne¬ 
tization for a 6.0 ML Fe film grown on Ag(100) vs temperature are shown in 
(a) and the corresponding coercivities from polar SMOKE measurements 
are shown in (b). The noise in the longitudinal Kerr data (parallel magneti¬ 
zation component) is greater than that in the polar data because of the 
inherent weakness on the longitudinal signal, as mentioned in the text 


identify a region A T with vanishing magnetization. The high 
signal-to-noise ratio and data density in Fig. 1(a) enables one 
to discern an asymmetric ramp structure within the 
pseudogap encompassed by A T. Thus, if the remanence van¬ 
ishes, it does so over a very limited T range (a few kelvin at 
most), as estimated by Erickson and Mills. Note that M R in 
Figs. 1(a) and 2 are normalized to the film thickness, and the 
longitudinal md polar M R values at saturation are normal¬ 
ized to each oner for clarity. (The polar signal is —25 times 
as intense as the longitudinal signal, as expected.) The ques¬ 
tion that Fig. 1(a) raises is what is the root cause of the 
remanence decrease within AT? Is long-range ferromagnetic 
order lost anywhere within this region, as might be antici¬ 
pated from the Mermin-Wagner theorem? How do domains 
or other nonuniferm spin configurations manifest themselves 
within AT? If long-range order does not vanish, do enhanced 
thermal fluctuations in 2D suppress the magnetization even 



FIG. 2. Perpendicular and parallel components of the remanent magnetiza¬ 
tion at room temperature along an Fe/Ag(100) wedge. 
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FIG. 3. Magnetic phase diagram of Fe/Ag(100). 

partially due to the system becoming more isotropic in the 
vicinity of T R 1 These questions should motivate future 
progress in the field. 

Figure 2 provides similar data to Fig. 1(a) but as a func¬ 
tion of Fe thickness along a wedge. The region Ad and the 
point d R are defined operationally in an analogous manner to 
AT and T R in Fig. 1(a). The asymmetric ramp structure 
within Ad is very similar in appearance to that observed in 
Fig. 1(a) within AT. The same questions apply as outlined 
above. It is interesting to note that Kashuba and Pokrovsky 10 
have found that their calculations linearize to first-order ex¬ 
pansion in both T and d in the vicinity of T R and d R , as 
observed experimentally in Figs. 1(a) and 2. 

To augment Fig. 1(a) further, we show the corresponding 
H c data in Fig. 1(b). The transition at T R is defined by a peak 
in H c which is almost 3 times as large as its value at 
(T r -AT). For T>T r the value of H c drops precipitously 
because the vertical axis becomes a hard direction for the 
magnetization. For T<(T R -AT), H c decreases substan¬ 
tially as T increases. Thus, the hysteresis loops are shrinking 
in area in this interval as T increases. This can be due to 
enhanced thermal fluctuations as T R is approached, or to the 
fluidity of the domain structure. The peak in H c at T R , in any 
case, represents a striking observation and a challenge to 
interpret. 

Figure 3 summarizes results for the spin-reorientation 
phase-boundary determinations for Fe/Ag(100). The data 
represent measurements taken along wedges at different tem¬ 
peratures. The pseudogap regions are not indicated in Fig. 3, 
but Curie temperatures T c are shown for some initial Fe 
thicknesses. The Curie transitions are found to be 2D-Ising- 
like, as described in Ref. 27. The Curie transitions can be 
examined to provide an estimate of the intrinsic width that 
might apply also to the spin-reorientation transitions. The 
3%-5% tails reported at T c imply that the correlation length 
is limited by finite-size effects to ~100 A, which corre¬ 
sponds to a typical terrace width in a metallic single 
crystal. 27 Thus, with inclusion of the Curie transitions, Fig. 3 
delineates the M=0, Mj, and M ± phase regions. 

B. Fe/Cu(100) 

The region of stability of vertical easy axes for Fe/ 
Cu(100) was first explored systematically by Liu et al. 30 
They constructed a phase diagram to represent the metasta¬ 
bility of the system by plotting growth temperature versus Fe 
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FIG. 4. Boundaries of the uniform ferromagnetic phase with vertical easy 
axis for an fct Fe/Cu(100) wedge as a function of measurement temperature 
and Fe thickness. The left-hand boundary delineates the onset of detection of 
a ferromagnetic signal, while the right-hand boundary terminates in a tran¬ 
sition to the spin-in-plane fct phase. 

thickness for a large number of films. Vertical easy axes were 
observed in a region bounded by a thickness of ~6 ML Fe 
and growth temperatures that do not extend very much above 
room temperature. The onset of ferromagnetic signals for the 
thinnest films occurred between ~1 and 3 ML. Figure 4 
shows a somewhat different mapping than that of Liu et al. 31 
for one of our wedged samples grown at low temperature. 
Figure 4 is analogous to the plot of the Fe/Ag(100) data in 
Fig. 3. The left-hand boundary in Fig. 4 represents the onset 
of detection of ferromagnetic signals with vertical easy axis 
(i.e., T c ), while the right-hand boundary represents the ter¬ 
mination of the vertical ferromagnetic phase (i.e., T R ). The 
left-hand boundary is believed to be influenced by the non¬ 
ideal morphology of the films (i.e., intermixing) as well as by 
decreased T c values for decreasing film thickness. 

Subsequent to the work of Liu et al 3i interest focused 
on the region beyond the right-hand boundary of Fig. 4. It 
became clear that two phases exist in this region depending 
on growth temperature. For low temperature (~100 K) 
growth the spin-reorientation transition ensues, as for Fe/ 
Ag(100). This occurs even if the samples are annealed to the 



FIG. 5. Spin-reorientation transition for Fe/Cu(100). 
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FIG. 6. Coercivities along a wedge of Fe/Cu(100) illustrating peaks at the 
phase transitions. The left-hand transition is from ihe fct (I) to the fee phase 
(II), while the right-hand transition is to the bee structure (III). 


vicinity of room temperature after growth, as in the work of 
Ref. 21. For example, the spin reorientation is shown in Fig. 
5 for a wedge grown at 190 K, annealed at room tempera¬ 
ture, and measured at 110 K. However, different results are 
obtained for room-temperature growth. Xhonneux and 
Courtens 31 found evidence for a nonmagnetic phase beyond 
the 6-7 ML Fe phase boundary. Thomasen et al. 25 fu.ther 
clarified the new phase identification as having a surface fer¬ 
romagnetic “live” layer with vertical easy axis. Li et al?* 
more recently confirmed the work of Thomasen et al. 25 and, 
further, found evidence that the ferromagnetic surface is the 
termination of an antiferromagnetic (AFM) phase. Antiferro¬ 
magnetism does not manifest itself directly in SMOKE mea¬ 
surements, so further explanation is necessary. While Ref. 25 
observed a constant magnetization in the region of interest, 
Li et al. 2 * found that upon cooling the constant signal devel¬ 
oped peaks of monolayer-type amplitude. For an AFM struc¬ 
ture built up of alternating ferromagnetic (100) sheets, a peak 
would arise due to an uncompensated ferromagnetic sheet 
whenever there is an odd number of total layers in the struc¬ 
ture. 

Structural studies indicate that the AFM phase corre¬ 
sponds to the relatively undistorted fee structure. The M ± 
ferromagnetic phase that precedes it in Fe thickness corre¬ 
sponds to the unrelaxed fct structure. The spin-reorientation 
transition takes place within the fct structure, and the transi¬ 
tion to fee is suppressed at low-temperature growth. The fct 
structure is probably strain stabilized under these conditions 
due to the morphology of the interface and/or to magneto¬ 
striction effects. In this latter regard, Hembree et al. 32 re¬ 
cently documented for Fe/Cu(100) striking field-induced 
metastable states attributed to magnetoelastic effects. It is 
also of interest to speculate on the relationship of the AFM 
fee phase identified by Li et al. 2 * to that observed in y-Fe 
coherent precipitates in Cu host alloys. For the bulk alloys 
the Neel temperature T N is low as is the magnetic moment 
(<w. 33 For the films the magnetic ordering temperature is 
much higher (200-250 K) suggestive that the moments may 
also be larger. However, it remains to be determined to what 


extent the surface ferromagnetic layer boosts the properties 
{T n and fi) of the underlying AFM film. 

Finally, with increasing Fe thickness the bcc phase is 
reached at —10—12 ML Fe. The bcc films are ferromagnetic 
with in-plane easy axis dictated by the shape anisotropy. The 
coercivity exhibits striking peaks at the phase transitions, as 
shown in Fig. 6 for a wedge than spans the fet-fee transition 
as well as the bcc transition. The coercivity provides a con¬ 
venient way to track phase boundaries between fet-fee, fcc- 
bcc, and fct-bcc, as well as for the spin-reorientation transi¬ 
tion. The most recent magnetic phase diagram for the growth 
of Fe/Cu(100) is presented in Ref. 28. 

IV. SUMMARY 

Recent SMOKE studies for Fe/Ag(100) and Fe/Cu(100) 
were highlighted. The documentation of the spin- 
reorientation transition for Fe/Ag(100) provides detailed cor¬ 
ollary measurements to those of Refs. 21 and 22. A sup¬ 
pressed but nonvanishing remanent magnetization was found 
within most of the pseudogap region in temperature and Fe 
thickness that characterizes the phase transition. The coerciv¬ 
ity also exhibits a pronounced peak. The role of thermal 
fluctuations in a nearly isotropic 2D Heisenberg system is 
quite dramatic and can suppress long-range order and/or give 
rise to domain structures with unusual characteristics. 

For fct Fe/Cu(100) the spin-reorientation transition oc¬ 
curs for low-temperature (*5200 K) growth. However, for 
room-temperature growth the ferromagnetic fct phase with 
vertical easy axis transforms to an AFM fee phase with a 
surface ferromagnetic live layer. Fe films of -10-12 ML 
transform to the equilibrium bcc ferromagnetic structure with 
in-plane easy axis of magnetization. The Fe/Cu(100) system 
offers complexity associated with the interplay of magnetic 
and structural transitions. However, coercivity peaks can be 
used to track a variety of its phase transitions. The underly¬ 
ing mechanisms for achieving phase stability and that control 
coercive behavior remain a challenge to pursue in the future. 
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Magnetic and structural instabilities of ferromagnetic and antiferromagnetic 
Fe/Cu(100) 
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Fe wedges epitaxially grown on Cu(100) have been employed to investigate the interplay between 
magnetic and structural instabilities. 2-4 monolayer (ML) clean Fe films grown at room 
temperature are ferromagnetic with perpendicular easy axes, bcc Fe films>ll ML thick are 
ferromagnetic with in-plane easy axes. Most importantly, 6-11 ML fee Fe films are 
antiferromagnetic and have a ferromagnetic surface. Films grown below 200 K and annealed to 
room temperature do not exhibit the antiferromagnetic phase, but remain ferromagnetic and undergo 
a spin-reorientation transition from perpendicular to in plane at ~6 ML. A new phase diagram for 
Fe/Cu(100) is proposed as a function of thickness and growth temperature. In addition, an 
impurity-stabilized layer-by-layer growth that persists to 30-40 ML Fe is also reported. 


Iron, especially fee Fe, is intrinsically unstable magneti¬ 
cally in the sense that its nearest-neighbor exchange interac¬ 
tion can be either positive (ferromagnetic) or negative (anti¬ 
ferromagnetic), depending on structural details. 1,2 Fe films 
grown onto Cu(100), in particular, form various structural 
and magnetic phases to illustrate the tendency toward 
instability. 3-9 In the current work, we focus on these insta¬ 
bilities and their interplay to achieve a better understanding 
of the relation between structure and magnetism. Most im¬ 
portant, we observe an antiferromagnetic phase with a ferro¬ 
magnetic surface for 6-11 monolayer (ML) films of Fe grown 
on Cu(100) at ambient temperature. The different magnetic 
phases are displayed in a new magnetic phase diagram. In 
addition, an impurity-induced layer-by-layer growth of Fe on 
Cu(100) is observed that persists into the 30-40 ML regime. 

Sample preparation proceeded first via mechanical and 
electrochemical polishing of the Cu(100) substrate, and then 
via sputtering and annealing (600 °C) cycles in the ultrahigh 
vacuum chamber. Fe was evaporated from an alumina cru¬ 
cible with a typical evaporation rate of 0.7 A/min. The base 
pressure of the chamber was IX10“ 10 Torr, and the pressure 
during deposition was 2-5X10 -10 Torr. The ordering and 
cleanness of the crystal and the films were confirmed with 
reflection high-energy electron diffraction (RHEED), low- 
energy electron diffraction (LEED), and Auger spectroscopy. 
The Fe wedges were grown while moving the substrate be¬ 
hind a mask during evaporation to define a slope of ~1.5 
ML/mm. The substrate temperature during growth is denoted 
as T s . The magnetic properties were studied in situ by means 
of the surface magneto-optic Kerr effect (SMOKE). A He-Ne 
laser beam focused to 0,2 mm was used to scan along the 
wedge to obtain hysteresis loops for different Fe thicknesses. 
The height of the Kerr loop in remanence is denoted as M R , 
due to its relation to the remanent magnetization. First the 
results of “dirty” growth will be presented. The remainder of 
the article will then be devoted to the properties of clean 
films. 

Quite striking behavior is observed for dirty growth. In 
that case persistent layer-by-layer growth can be obtained 
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(see Fig. 1) as judged by relatively undamped RHEED oscil¬ 
lations up to 32 ML Fe. The oscillations resume after restart¬ 
ing the stopped deposition (not shown in Fig. 1) and persist 
to 40 ML, where the experiment was terminated. This is 
surprisingly thick for a metastable phase. The LEED patterns 
before and after deposition were both c(2X2), which is a 
common pattern for contaminated fcc(100) surfaces. Auger 
measurements indicate an oxygen level of 10-20 at. % for 
both the substrate and the film. The chamber pressure during 
this dirty deposition was 2X 10~ 9 Torr, which is significantly 
higher than that for the clean films to be reported herein. It is 
apparent that the layer-by-layer growth of the metastable fee 
Fe shown in Fig. 1 is extrinsically stabilized by impurities, as 
can be qualitatively understood. There are two factors that 
mitigate against persistent layer-by-layer epitaxial growth. 
One involves the thermodynamic argument that opposes the 
wetting of a high-surface-free-energy species (Fe) on a low- 
surface-free-energy substrate (Cu). Three-dimensional 
growth would be anticipated in such a case. The other factor 
is that the slight lattice mismatch between fee Fe (3.59 A) 
and Cu (3.61 A) should cause strain in the film and lead to a 
critical thickness for epitaxial growth. The impurities appear 
to act as surfactants to lower the surface free energy of Fe so 



Thickness (ML) 


FIG. 1. RHEED intensity oscillations for a dirty deposition of Fe on 
Cu(100). The persistent oscillation, indicative of layer-by-layer growth, are 
impurity induced, as discussed in the text. The deposition rate was 0.64 
A/min T= 315 K. 
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FIG. 2. RHEED intensity oscillations for Fe grown on Cu(100) at 310 K. 
Regions I—III are labeled as in Ref. 3. 

that it can wet the Cu(100) surface. Such an effect was dis¬ 
cussed by Egelhoff et al., 10 who point out that various atoms 
can serve as surfactants for 1 ML Fe/Cu(100) and related 
systems, and that some impurity atoms can float to the sur¬ 
face during growth to continue to activate layer-by-layer 
growth. The impurities may also serve as defect centers to 
help release film strain and to thwart the transition into the 
equilibrium bcc phase. Thus, impurity surfactant agents can 
provide a promising way to extend the study of epitaxial 
growth of metastable phases. 

The growth characteristics of clean Fe films on Cu(100), 
as documented in Fig. 2, are more complex than the behavior 
shown in Fig. 1. Three growth regions are delineated in Fig. 
2 for films grown above 250 K on the (1X1) Cu(100) sub¬ 
strate with no detectable C or O Auger signals, in agreement 
with previous studies. 3 No in-plane lattice-constant differ¬ 
ences are observed by RHEED or LEED between the first 
two thickness regions as Fe grows into pseudomorphic face- 
centered structures. Region I has been attributed to a face- 
centered tetragonal (fct) phase and region II to the fee 
phase. 11 Region II exhibits regular oscillations characteristic 
of a tendency toward layer-by-layer growth. The sharp decay 
of the RHEED intensity on going from region II to III at ~11 
ML has been attributed to the onset of three-dimensional 
growth of bcc Fe. 3,7,8 

Different magnetic properties accompany the structural 
phases of regions I—III. For films grown above 250 K, the 
magnetic easy axis changes from perpendicular to in plane at 
~11 ML. The magnetic anisotropy is dominated by the 
shape anisotropy in region III. In region I the surface anisot¬ 
ropy yields a perpendicular easy axis. Most strikingly, there 
is a dramatic change in the magnetic properties between re¬ 
gions I and II from the ferromagnetic phase to an antiferro¬ 
magnetic phase with a ferromagnetic surface. This is shown 
in Fig. 3. The remanent magnetization obtained from our 
magneto-optic measurements increases initially in region I 
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FIG. 3. Perpendicular remanent magnetization from polar SMOKE vs thick¬ 
ness across an Fe wedge grown at 7^=280 K and measured at 190 K (a) and 
70 K (b). Region II has a enhanced surface ferromagnetic layer and antifer¬ 
romagnetic underlayers as discussed in the text. 


with Fe thickness as expected for a ferromagnetic film. At 
~5 ML Fe, however, the magnetic signal drops to ~30%- 
40% of its maximum value. In addition, in region II the 
remanent magnetization forms a two-peaked structure be¬ 
tween 6 and 11 ML which is most apparent at low tempera¬ 
ture. These observations suggest that the bulk of the Fe film 
is antiferromagnetic with alternating layers of spins pointing 
out of or into the surface. There is a relatively constant mag¬ 
netic signal in region II at relatively high temperature (right 
below T c ). And the signals at the valleys do not go to zero in 
the temperature range we performed our experiments. These 
facts suggest that the surface layer is ferromagnetic, as re¬ 
ported in Ref. 9, and has an enhanced magnetic order. The 
antiferromagnetic order is more significantly reduced by 
thermal fluctuations than is the ferromagnetic surface order. 
This unique magnetic phase was observed only when the 
substrate was clean and the pressure during deposition was 
<5X10” 10 Torr. A recent theoretical calculation 12 suggests 
that the for 4-11 ML of fee Fe on Cu(100), the surface and 
one subsurface layer are ferromagnetically aligned while the 
underlayers are antiferromagnetically aligned, in general 
agreement with our experimental observations. It is noted 
that the peak separation in our experiments is ~2.6 ML in¬ 
stead of 2 ML. Such an incommensurate magnetic structure 
is not indicated by the calculation of Kraft et al. It could 
relate to the quantization of the electronic states and the cor¬ 
responding spin density wave in a finite thickness film. 

The richness of magnetic phases of Fe/Cu(100) is dem¬ 
onstrated in the new magnetic phase diagram shown in Fig. 
4. Region I contains the ferromagnetic phase with perpen¬ 
dicular magnetic anisotropy. A nonmagnetic region <2 ML, 
not delineated in Fig. 4, is presumably due to a reduced 
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FIG. 4. Magnetic phase diagram with respect to growth temperature and Fe 
thickness. In region I, the films are ferromagnetic with perpendicular easy 
axes (fct). In region 11(a) the films are AF and the surface is ferromagnetic 
(fee). In region 11(b), the films are ferromagnetic with in-plane easy axes 
(fct). In region III, the films are ferromagnetic with in-plane easy axes (bcc). 
(Measurements were performed in the range of 110-190 K.) 


Curie temperature. Thick films (>10-11 ML) are bcc and 
possess in-plane ferromagnetic magnetization. At the inter¬ 
mediate thicknesses of region II different phases can be 
formed depending on the substrate temperature. For low- 
temperature deposition, where the fet-to-fee phase transition 
is suppressed, a spin-reorientation transition occurs into re¬ 
gion 11(b) wherein the easy axis changes from perpendicular 
to in plane. 9 For growth temperatures higher than —250 K, 
the newly identified antiferromagnetic phase with the live 
ferromagnetic surface layer appears in region 11(a), as dis¬ 
cussed above. 

The difference in structure between regions I and II for 
ambient-temperature-grown films is believed to be the differ¬ 
ence in interlayer spacing. 11 The initial phase is a fct struc¬ 
ture with interlayer spacing different from the in-plane lattice 
constant. Such a distortion appears to stabilize ferromagnetic 
ordering. The second phase is the more isotropic fee phase 11 
which is antiferromagnetic and has a ferromagnetic surface. 
Because of the magnetic instability of fee Fe, a small lattice 


distortion can drive the system into either antiferromagnetic 
or ferromagnetic states with different anisotropies. Recent 
work reported that fee Fe grown on diamond (capped with 
Cu) is also ferromagnetic, but with in-plane anisotropy. 13 
This might be consistent with the expected in-plane com¬ 
pression of Fe on diamond (lattice constant of 3.51 A) as 
opposed to the expected in-plane expansion of Fe on 
Cu(100). 

In conclusion, we investigated the ferromagnetic and an¬ 
tiferromagnetic phases of Fe/Cu(100) which correlate with 
its structural phases. We observe a new antiferromagnetic 
phase with a live ferromagnetic surface. We propose a new 
magnetic phase diagram for the growth of Fe on Cu(100). 
We also observe impurity-induced layer-by-layer growth of 
Fe on Cu(100) that persists to at least —40 ML. 

This work was supported by US DOE BES-MS under 
Contract No. W-31-109-ENG-38. 
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Impurity hyperfine fields in metastable body centered cubic Co 
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A new spectrum component is observed in Mossbauer spectra of thin body centered cubic Co layers 
doped with 57 Co which have previously been shown to be in this metastable state with nuclear 
magnetic resonance. It is characterized with a large magnetic hyperfine field (31.2 T) and an isomer 
shift nearly equal to that of a-Fe. The decrease of the isomer shift in bcc Co with respect to hep Co 
is consistent with a smaller s-d charge transfer in bcc Co as compared to hep Co. The influence of 
structure on the hyperfine field in a Co crystal is reflected in the decrease of the magnetic hyperfine 
field of Fe in bcc Co as compared to hep Co and is similar to the volume dependence of the magnetic 
hyperfine fields in a Co crystal. 


Over the last years magnetic films and superlattices 
grown with molecular beam epitaxy have attracted consider¬ 
able attention in the search for new materials with unusual 
magnetic and structural properties. Recently it has been 
shown that a metastable body centered cubic Co phase can 
be grown on GaAs, Fe, and in Co/Fe superlattices. 1-4 One of 
the properties which is expected to be strongly dependent on 
the structure of a Co crystal is the magnetic hyperfine field. 
The characterization of the bcc phase was therefore estab¬ 
lished with NMR spectroscopy which showed a NMR fre¬ 
quency at 199 MHz for bcc Co, a value which is about 10% 
lower than the known NMR frequencies in fee and hep Co. 
The purpose of the present study is to use radioactive 57 Co as 
a probe material for the magnetic hyperfine fields in these 
layers. A 57 Fe source experiment in which the Mossbauer 
isotope is the daughter isotope of 57 Co is one of the few 
methods to measure the hyperfine interaction at Fe in a thin 
metastable bcc Co crystal. 57 Fe-NMR measurements or ab¬ 
sorber Mossbauer measurements would require a much 
larger concentration of Fe into Co. The introduction of 57 Co 
as a radioactive probe in the Co phase under investigation 
offers at least five orders of magnitude of sensitivity as com¬ 
pared to absorber experiments. 5 There are two more distinct 
advantages in the use of Mossbauer spectroscopy to study 
57 Co in bcc Co: first, one can be completely confident that 
the Fe atoms will occupy Co sites, as 57 Co is expected to 
take a regular substitutional lattice site in bcc Co and second, 
57 Fe is the best Mossbauer probe with a high recoil-less frac¬ 
tion and a good sensitivity of the isomer shift {S) to 
pressure. 6 In such source experiments it is generally believed 
that the atomic configuration surrounding the probe atom is 
not modified during the extremely short lifetime of the ex¬ 
cited Mossbauer state, i.e., the 57 Fe directly probes the bcc 
Co atomic configuration. 

It is intriguing to notice that the hyperfine field at 59 Co in 
a Co crystal determined with NMR is quasilinearly decreas¬ 
ing with the atomic volume of the specific Co phase studied 
(hep, fee, or bcc Co). A similar behavior is observed in the 
pressure dependence of the magnetic hyperfine field in a Co 
crystal, i.e., the magnitude of the hyperfine field is decreas¬ 
ing with the volume. 7 The pressure effect on the hyperfine 
field is however an order of magnitude smaller than the ob¬ 


served decrease of the hyperfine field of bcc Co with respect 
to hep Co. In recent years several studies, both theoretical 
and experimental, have been performed to explain systematic 
trends and the pressure dependence of the magnetic hyper¬ 
fine fields of impurity atoms into ferromagnetic host metals 
such as Co, Fe, and Ni. 7,8 The experimental determination of 
the magnetic hyperfine field in a metastable magnetic phase 
such as bcc Co might shed some light on the dependence of 
the magnetic hyperfine field of impurity atoms on the struc¬ 
ture of the crystal phase under investigation. Co is, just like 
Fe, a unique material which can take the form of three crys- 
tallographically different magnetic phases. In the present 
study the hyperfine field of Fe in bcc Co is determined with 
Mossbauer spectroscopy and compared with the known hy¬ 
perfine field of Fe and its volume dependence in hep Co. In 
addition Mossbauer spectroscopy is sensitive to the atomic 
volume via the isomer shift. We will demonstrate that the 
decrease of the hyperfine field of Fe in bcc Co with respect to 
hep Co is certainly not a volume effect but more likely is due 
to a coordination effect. 

Samples were prepared by implanting 80 keV radioac¬ 
tive 57 Co with a dose ot i0 14 atoms/cm 2 into Co/Fe superlat¬ 
tices grown with molecular beam epitaxy. The metastable 
bcc Co epitaxy on Fe (001) is possible because of the small 
lattice mismatch of 1.6% between the predicted bcc Co 
phase (a =2.82 A) and an (1X1) construction on Fe (a =2.87 
A). [Fe x Co )l ] 2 o superlattices with various Co layer thickness 
(x=25 A, 6 A<y<24 A) were prepared on MgO (001) sub¬ 
strates. Details of the preparation conditions can be found 
elsewhere. 9 The Mossbauer spectra were recorded at 300 K 
using a sodiumferrocyanide absorber (SFC). The 5 values are 
expressed as absorb?' isomer shift with respect to SFC. 

NMR measurements on these samples revealed a meta¬ 
stable state for Co characterized with a frequency of 199 
MHz, a value which is lower than the Co frequency in fee 
(217 MHz) and hep Co (220-228 MHz). The metastable 
state is attributed to Co in a bcc phase and relaxes for this 
growth direction to the regular hep phase only for Co layer 
thickness above 24 A . 10 Co/Fe superlattices with Co thick¬ 
ness smaller than 24 A are expected to contain the following 
atomic configurations for the implanted 57 Co probe atoms: 
a-Fe, bcc Co, Co/Fe interface region, and a possible surface 
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FIG. 1. Mossbauer spectra of bcc Co/Fe superlattices with various Co layer 
thickness [24 A (a), 18 A (b), 12 A (c), and 6 A (d)] implanted with 10 14 
57 Co measured at 300 K with respect to a sodiumferrocyanide absorber. 

oxide layer. Figure 1 shows the 57 Fe Mossbauer spectra of 
Co/Fe superlattices with different Co-layer thickness. For the 
layer with 6 A Co only two magnetic spectrum components 
are present, The hyperfine field of the first spectrum compo¬ 
nent and its isomer shift are within error nmits equal to that 
of a-Fe [5=33.1 T]. The second component has a hyperfine 
field of 35.4 T and an isomer shift 5=0.10 mm/s. It is rea¬ 
sonable to attribute this component to Fe in the Co/Fe inter¬ 
face region since it is almost equal to the hyperfine field of 
Fe in an equiatomic Co/Fe alloy. With increasing Co layer 
thickness in addition to the above-mentioned magnetically 
split components a third spectrum component is observed 
with a slightly lower hyperfine field [5=31.0 T (12 A Co), 
6=31.4 T (18 A Co), and 6=31.2 T (24 A Co)]. The as¬ 
sumption that this new component is due to Fe in bcc Co is 
justified by two observations: first, the increase of the rela¬ 
tive contribution of this component with Co layer thickness 
is accompanied by a decrease of the interface component 
(see Fig. 2) and is similar to the increase of the NMR com¬ 
ponent at 199 MHz, and second, this hyperfine field compo¬ 
nent is clearly lower than the known hyperfine fields of Fe in 
hep Co and in Co/Fe alloys. Therefore we attribute it to Fe in 
bcc Co and estimate the hyperfine field of Fe in bcc Co to be 
31.2(2) T. Finally, a nonmagnetic single line component with 
5=0.90 mm/s is observed in all the Mossbauer spectra and is 
probably due to the presence of an oxide layer. The contri¬ 
bution of this spectrum component is decreasing with in¬ 
creasing Co layer thickness which reflects the higher resis¬ 
tance of Co to oxidation as compared to Fe. 

The bcc Co spectrum component is characterized by an 
isomer shift which is only slightly smaller than the isomer 
shift of the a-Fe component and consequently is also smaller 
than the isomer shift in hep Co. The isomer shift is well 
know to be proportional to the electron density at the nucleus 
and thus depends on the atomic volume. The behavior in bcc 
Co is opposite to what can be expected from the volume 
dependence of the Fe isomer shift in hep Co. The isomer 
shift of Fe in hep Co decreases with pressure 6 and one might 
expect an increase of the isomer shift for bcc Co since it has 
a larger volume then hep Co. The decrease of the isomer 



FIG. 2. Relative contribution of the magnetic spectrum components of 
Mossbauer spectra of bcc Co/Fe superlattices for various Co layer thickness 
[(♦) a-Fe, (•) bcc Co, (■) CoFe interface). 


shift in bcc Co can however be explained by a smaller s-d 
charge transfer in bcc Co with respect to hep Co. It is there¬ 
fore supporting without really proving such a charge transfer 
effect which has been proposed a long time ago to explain 
the stronger volume dependence of the isomer shift in the 
bcc metals then in the close packed fee and hep metals. 6 

Recently the hyperfine interaction of Cd in bcc Co/Fe 
superlattices was studied with the angular correlation 
technique. 11 Also in these measurements a new value for the 
hyperfine field of Cd is observed which is substantially lower 
than the known hyperfine fields of Cd in fee and hep Co. It is 
remarkable that the hyperfine fields for Co, Fe, and Cd in the 
three Co phases are increasing almost linearly with the 
atomic density of ihe specific Co phase (see Fig. 3) and that 
the slope of this behavior reflects the difference of the 
experimental volume dependence of the hyperfine field 
of Co, Fe, and Cd in hep Co. In pressure measurements 
one observed d ln6/r/p=0.3X10 -3 kbar -1 for Fe, 12 
d ln6/5p=0.615XlO -3 kbar -1 for Co, 7 and 
d In 5/d/? = 1.04X 1(T 3 kbar -1 for Cd 7 in hep Co. The mag- 



FIG. 3. Hyperfine fields of Co (•), Fe (♦), and Cd (■) in hep, fee, and bcc 
Co vs the atomic density of the specific Co phase. 
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nitude of the hyperfine field of Cd is decreasing much more 
rapidly with the atomic volume than that of Co and Fe, re¬ 
spectively. It is therefore tempting to associate the decrease 
of the hyperfine field in bcc Co with respect to hep Co to a 
volume effect. However if one estimates the hyperfine field 
changes for bcc Co from the experimental volume depen¬ 
dence one gets a value which is much lower than the experi¬ 
mentally observed changes of the hyperfine fields of bcc Co. 
The corresponding microscopic change when going from a 
fee to a bcc crystal is however predominantly governed by a 
change in the specific coordination. In the analysis of the 
transferred hyperfine field it is common to use a formalism 
proposed a long time ago by Steams. 8 This model proposes 
that the transferred hyperfine field due to 4s neighbor con¬ 
duction electron polarization (By) can be obtained by a sum¬ 
mation over the neighboring atoms with a specific contribu¬ 
tion A Bi for each neighbor shell.: By=S 1 n,AB l . 
Experimentally the different contributions have been deter¬ 
mined up to the fifth-neighbor shell in fee Co. 13 If one scales 
the fee values to a bcc structure under the assumption that 
A Bi has a Ruderman-Kittel-Kasuya-Yosida behavior and 
that the contributions in a specific shell for fee Co have the 
same sign as in bcc Co one obtains a transferred hyperfine 
field for bcc Co which is a few tesla smaller than in fee Co. 
This result is merely supporting the fact that the decrease of 
the hyperfine field in bcc Co is due to a structure effect. 


Finally it is noteworthy that recent theoretical calculations 14 
based on a spin-polarized Korringa-Kohn-Rostoker (SP- 
KKR) formalism performed for bcc Co/Fe alloys show that 
the hyperfine field for pure bcc Co is about 20 T a value 
which is almost in perfect agreement with the NMR value 
we obtain for bcc Co in Co/Fe superlattices. 
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Ferromagnetism and growth of Ru monolayers on C(0001) substrates 

G. Steierl, R. Pfandzelter, and C. Rau 

Department of Physics and Rice Quantum Institute, Rice University, Houston, Texas 77251 

The magnetic and growth properties of Ru monolayers on C(0001) are studied using spin-polarized 
secondary electron emission and Auger electron spectroscopy (AES). Using AES, we find that the 
initial growth of Ru on C(0001) occurs laterally until the first monolayer is completed. One 
monolayer-thin Ru film shows ferromagnetic order below a surface Curie temperature of 
approximately 250 K. The in-plane magnetization saturates in small applied fields of a few tenths 
of an Oe. This is the first observation of spontaneous, long-ranged, two-dimensional ferromagnetic 
order in an ultrathin film composed of a 4 d transition metal. 


Recent advances, both experimentally and theoretically, 
enable us to explore the possibility of inducing spontaneous, 
two-dimensional, long-ranged ferromagnetic order in ele¬ 
ments that are paramagnetic in their bulk form. Interesting 
candidates are the paramagnetic 3d, 4 d, and 5d transition 
metals. 1-6 

One way to address this interesting issue is to grow such 
a metal epitaxially on an adequate nonmagnetic substrate. 
Ferromagnetic order in such ultrathin films may be induced 
by the reduced coordination number and hence reduced in¬ 
teratomic hybridization, band structure effects due to the re¬ 
striction to two dimensions and, compared to the bulk para¬ 
magnetic solid, an increased lattice constant imposed by 
pseudomorphic film growth. 

As to ultrathin films of the 4d-transition metals, recent 
studies 2-10 have focused on Ru and Rh monolayers (ML) 
deposited on Ag(100) and Au(100) substrates. Theoretical 
works indicate that these systems should possess a ferromag¬ 
netic ground state. 2-6 Recent experiments for Rh on Ag(100) 
and on Au(100), however, failed to find any evidence for 
spontaneous, long-ranged ferromagnetic order, 13 ' 14 or were 
inconclusive. 15 There is experimental evidence that an expla¬ 
nation for the discrepancies between theory and experiment 
can be found in the structural properties of the films depos¬ 
ited on these substrates: Schmitz et al , 16 propose that the 
equilibrium structure of Rh on Ag(001) is actually that of a 
sandwich with an Ag monolayer atop. Mulhollan et al. lA find 
evidence for diffusion of Rh into the Ag matrix. Other au¬ 
thors do not rule out islanding. 13 ’ 14 These effects are indeed 
likely to prevent spontaneous, long-ranged ferromagnetic or¬ 
der. 

Therefore we decided upon a different substrate and se¬ 
lected graphite C(0001) for the following reasons: similar to 
the noble metals, there is hardly a band overlap with the 
4d-transition metals due to the low density of states near the 
Fermi level, which should prevent strong hybridization with 
the 4 d bands. Moreover, the graphite (OOOl)-surface is 
known to be very flat, possessing only few steps and nearly 
no defects. This should considerably suppress interdiffusion. 
As film material we selected Ru, which has a hexagonal bulk 
lattice structure with an in-plane nearest neighbor distance 
which is almost twice that of graphite. Despite the difference 
in the surface free energy, epitaxial or pseudomorphic 


growth of metastable Ru with a lattice slightly stretched 
(5%) compared to the bulk should be favored. 11,12 

To study the growth and magnetic properties, we used 
Auger electron spectroscopy (AES) and spin polarized sec¬ 
ondary electron emission (SPSEE). For many metal-on-metal 
systems, it was already shown, that AES is a very suitable 
technique to distinguish between various types of initial 
growth modes (lateral growth, islanding, intermixing). 19 We 
recorded the Auger intensity of the substrate and that of the 
adsorbate line as function of coverage or deposition time. 
The lateral growth and the completion of a ML is evident 
from the linear increase in the signal and the abrupt change 
in slope in both plots. 

In SPSEE, an unpolarized electron beam of energy of a 
few keV is used to induce the emission of secondary elec¬ 
trons from the sample. The electron spin polarization (ESP) 
of the emitted secondary electrons is a direct measure of the 
surface magnetization. For SPSEE, we use an einzellens sys¬ 
tem with a 90° cylindrical energy analyzer connected to a 20 
keV Mott polarimeter. 

As substrate, we use highly oriented, pyrolytic graphite 
(HOPG) (8X15X1 mm 3 ) with a standard distribution of the 
c axes <7=0.2° and randomly oriented a axes. The HOPG 
sample is cleaved in air. No further in situ treatment is nec¬ 
essary, because the extremely low gas adsorption efficiency 
guarantees a clean surface for ample time. The sample is 
mounted on a manipulator between the pole caps of an elec¬ 
tromagnet and can be cooled to liquid nitrogen temperatures. 
The temperature is monitored using a copper-constantan 
thermocouple. Ru (purity 99.95%) is evaporated using elec¬ 
tron beam evaporation (evaporation rate: 0.03 ML/min). The 
film thickness is monitored by using a quartz microbalance. 
AES is performed using a cylindrical mirror analyzer 
(CMA). During the magnetic measurements, the residual gas 
pressure amounted to «=3X10 -10 mbar; during the evapora¬ 
tion, it increased to =®8xlO -10 mbar. 

The growth of Ru on C(0001) was studied by measuring 
peak-to-peak heights of differentiated Auger lines versus 
deposition time. In Fig. 1, dNIdE vs E Auger spectra of the 
clean and the Ru covered graphite surface are given. The 
graphite spectrum shows one peak at 272 eV. The Ru spec¬ 
trum is more complicated with nearly symmetric peaks at 
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FIG. 2. Auger peak-to-peak height vs Ru coverage on C(0001) of the (a) Ru 
231 eV and (b) Ru 200 eV line. The coverage is referred to the atomic 
FIG. 1. Differentiated Auger spectra for the clean and Ru covered C(0001) density of the bulk Ru(0001) plane, 
surface. 


t 

i 


273, 231, 200, and 160 eV. 20 The most prominent Ru peak at j n pig. 3(a), we show the peak-to-peak heights of the 

273 eV overlaps with the graphite peak, therefore, we used composite C 272 eV+Ru 273 eV Auger signal. The signal 

the smaller Ru peaks as adsorbate Auger signal. A quantita- decreases linearly until a sharp breakpoint occurs at nearly 1 , 

tive analysis of the substrate Auger signal was already the ML. These findings are even clearer, when we take only the ' 

subject of several studies. graphite contribution of the composite Auger line [Fig. 3(b)]. 

In Fig. 2(a), the peak-to-peak heights of the Ru 231 eV The substrate signal then shows the qualitative behavior as 

Auger line is shown. The x-axis scale is converted from expected for lateral growth and confirms the findings from 

deposition time to coverage, using the quartz reading, cali- the adsorbate signal. 

brated by a geometrical factor. We refer the coverage to the To summarize, we find that Ru grows laterally on the 

atomic density of the (0001) plane in bulk Ru and assume the graphite surface until the first ML is completed. Beyond the 

sticking coefficient to be one. The Auger signal increases fi rs t ML, the data indicate that Ru begins to form three- 

linearly up to a coverage of nearly 1 ML, where a breakpoint dimensional islands, i.e. Ru seems to grow on C(0001) in a 

occurs. For higher coverages, the Auger signal increases fur- Stranski-Krastanov mode. These findings are corroborated ! 

ther and reveals a smaller slope. These results are confirmed by our scanning tunneling microscopy measurements, show- 

by the Ru 200 eV Auger signal [Fig. 2(b)], although the data ing in the range of submonolayer coverage lateral growth of 5 

points show a little more scattering due to the smaller signal. Ru. 17 ' 

The linear increase of the Auger signal shows that Ru Next, we report o,i the magnetic properties of Ru ML 

grows laterally until the graphite surface is homogeneously films. Initially, we measured the ESP as function of small \ 

covered, and the first Ru ML completed. From our data, it is applied fields up two 2 Oe which were reversed in order to 

unlikely that Ru continues to grow in a layer-by-layer mode calibrate for instrumental asymmetries. From the magnetiza- 

(Frank-van der Merwe). Our findings point to a Stranski- tion curves, we find that saturation is reached at field j 

Krastanov growth mode (three-dimensional islands on top of strengths of a few tenths of an Oe. ' 

a ML) for the following reasons: The (average) slope ratio For more refined checks on the effect of instrumental 

between the data beyond and below the breakpoint is 0.42, asymmetries on the measured ESP, we used the nonmagnetic 

which is smaller than the value 0.70 calculated for layer-by- surface of the graphite crystal and performed the same pro- 1 

layer growth using an inelastic mean free path \=0.82 nm cedure as for the Ru films. We find that the small applied 

for 231 eV electrons and a thickness r/=0.214 nm for one Ru fields have no effect on the measured ESP. 

layer. The results of the SPSEE experiment are shown in Fig. 
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FIG. 3. Auger peak-to-peak height vs Ru coverage on C(0001) of (a) the 
composite C 272 eV+Ru 273 eV line, and (b) the C 272 cV line only, (b) is 
obtained from the composite signal in (a) by subtracting the Ru 231 eV 
Auger intensity multiplied by a factor of 2.35. 13 The coverage is referred to 
the atomic density of the bulk Ru(0001) plane. Statistical errors are con¬ 
tained withint the symbol size. 


4. Solid circles represent the ESP of a Ru ML film as func¬ 
tion of temperature T. The low temperature value of the ESP 
is between +8% and -1-9%, i.e., the film is indeed ferromag¬ 
netic. The positive sign indicates a predominance of elec¬ 
trons with magnetic moment oriented parallel to the applied 
magnetizing field. With increasing temperature, the ESP 
drops to zero within a narrow temperature range. This behav¬ 
ior of the ESP is completely reversible. It is not the intent of 
the present publication to evaluate the critical exponent of 
the two-dimensional (2D) phase transition near the surface 
Curie temperature T&, which is located at around 250 K. 

We performed additional SPSEE measurements on ad¬ 
sorbate covered Ru ML films. At 300 K, we exposed the 
clean Ru film to 10 L of CO, which is the saturation coverage 
of CO at the clean Ru/C(0001) surface. From Fig. 4 
(crosses), it can be directly seen that chemisorption of CO 
results in zero ESP within the experimental errors which is 
identical to the result we obtain for the clean graphite surface 
(see Fig. 4, open squares). 

In conclusion, we have demonstrated that Ru can be 
grown laterally on a HOPG C(0001) surface until the first 
ML is completed. We find that the deposited Ru ML film is 
ferromagnetic below a surface Curie tempt rature 7’ Cs =250 


FIG. 4, ESP of 3 eV electrons as function of temperature for a ML-thin Ru 
film on C(0001) (solid circles), for the clean C(0001) surface (open squares), 
and for the CO covered Ru ML film on C(0001) (crosses). 

K. This is the fi r st observation of 2D ferromagnetism of a 4 d 
element. 
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Spin reorientation transition in Ni films on Cu(100) 

S. Z. Wu, G. J. Mankey, F. Huang, and R. F. Willis 

Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802 

The magnetic anisotropy ol Ni films grown on single-crystal Cu(100) was studied in situ using the 
surface magneto-optic Kerr effect. The easy axis of magnetization lies in the plane of the film for 
ultrathin films and it is perpendicular to the film above a switching thickness. This behavior is 
attributed to a specific contribution to the magnetocrystalline anisotropy energy induced by a change 
in the film microstructure above a critical thickness. In the Ni/Cu(100) system, the magnetoelastic 
interface anisotropy favors perpendicular magnetization which becomes comparable to the shape 
anisotropy at the switching thickness. We compare the switching thickness and magnetization of 
films grown using different processing conditions. 


For ultrathin ferromagnetic films, there is a magnetiza¬ 
tion reorientation phase transition where the easy axis of 
magnetization is perpendicular to the film surface and 
switches to in plane as film thickness is increased. 1,2 Within 
the framework of the magnetic Hamiltonian, this transition 
can be interpreted as the increasing dominance of the 
thickness-dependent shape anisotropy which favors in-plane 
magnetization overcoming the spin-orbit magnetocrystalline 
anisotropy term which favors perpendicular magnetization. 
In addition to a thickness-dependent transition, a reorienta¬ 
tion transition can also occur as a result of varying tempera¬ 
ture of a film with fixed thickness. The temperature depen¬ 
dence can be modeled with an empirical temperature- 
dependent coefficient for the spin-orbit term in the 
Hamiltonian. 3 This transition has been observed for 
Fe/Ag(100), 4 Fe/Cu(100), 5 and Co/Au(lll). 6 For the Ni 
films studied in this work, there is a different behavior. 

Bulk Ni is the canonical Heisenberg ferromagnet. It has 
a spin moment of 0.6 bohr magnetons, 7 a Curie temperature 
T c of 627 K, 8 a critical exponent /3—0.4, and a weak mag¬ 
netocrystalline anisotropy with the easy axis of magnetiza¬ 
tion in the [111] direction and the hard axis in the [100] 
direction. 9 Ni monolayers have been studied theoretically 
with the self-consistent local orbital method 10,11 and a pertur¬ 
bative tight-binding approach. 12 These calculations predict 
that a (100) oriented Ni monolayer has a preferred direction 
of magnetization in the plane of the film. More recent state¬ 
tracking first principals calculations demonstrate the magnc- 
tocrystalliiie anisotropy energy for monolayers is dependent 
on band filling and strain. 13,14 To what extent the results for 
truly two-dimensional monolayers can be used for describing 
the magnetic properties of films of finite thickness has yet to 
be determined. The critical behavior of Ni films on Cu(100) 
has been studied 15 and it was shown that the magnetic phase 
transition power law exponent crosses over from a two- 
dimensional .XY model behavior to a three-dimensional 
Heisenberg model behavior at a film thickness of 7 monolay¬ 
ers (ML). These measurements show films thicker than a 
single monolayer exhibit two-dimensional magnetic proper¬ 
ties. 

Both Ni and Cu are fee crystals with lattice constants of 
3.52 and 3.61 A, respectively, so Ni has a lattice constant 
2.5% smaller than Cu. Ni films maintain an in-plane lattice 
constant identical to Cu up to a critical thickness of 10 
ML. 16,17 The surface free energies for Ni and Cu arc 2.45 and 


1.85 J/m 2 , respectively. 18,19 Since Cu has a surface free en¬ 
ergy 0.6 J/m 2 lower than Ni, it tends to segregate to the 
surface at elevated temperatures. 20 In addition, Ni and Cu 
form a continuous series of solid solutions. In order to pro¬ 
duce atomically smooth pseudomorphic layers of Ni on Cu, 
the films must be grown at a temperature high enough for the 
incoming Ni to form smooth layers yet low enough to sup¬ 
press bulk diffusion which favors both alloy formation and 
surface segregation. The formation of a surface alloy can be 
detected by a reduced magnetization since Ni^Cu, _ x alloys 
are nonmagnetic when x is below 0.4. 21 

Our sample preparation procedures and film thickness 
calibration techniques have been reported before. 22 The mag¬ 
netic behavior of films produced with three different process¬ 
ing conditions were studied in this work: Ni films grown at 
300 K on a substrate roughened by 500 eV Ar + bombard¬ 
ment, Ni films grown at 300 K on a smooth substrate, and Ni 
films grown at 400 K on a smooth substrate. The composi¬ 
tion of the samples was determined by Auger electron spec¬ 
troscopy, with all of the films showing a small (<10%) but 
measurable amount of carbon and oxygen contamination. 
The magnetic properties were measured in situ by the surface 
magneto-optic Kerr effect (SMOKE) with the substrate 
cooled to 200 K. 

To perform the SMOKE measurements, a linearly polar¬ 
ized He-Ne laser was incident on the sample surface at 70° 
from the surface normal with the polarization vector in the 
incident plane. The reflected light is analyzed by a Wollaston 
prism in combination with two photodiodes which allows 
simultaneous detection of the two orthogonal light compo¬ 
nents. The laser was rotated to ~0.08° from extinction in the 
null channel. By measuring A/, the difference between the 
Kerr intensity at remanence, the Kerr ellipticity can be de¬ 
rived: <f)"=8/4AI/I, where I is the Kerr intensity at zero net 
magnetization and S is the angle the laser is rotated from 
extinction. A fcur-pole electromagnet applies the external 
magnetic field either parallel or perpendicular to the film 
plane with a maximum magnetic field of 150 Oe. 23 This ar¬ 
rangement allows the measurement of both the longitudinal 
and polar Kerr Effects. 24 A typical hysteresis loop is shown 
in Fig. 1, the height of the loop at zero external field is 
proportional to the remanent magnetization M r and the exter¬ 
nal magnetic field at zero net magnetization is called the 
coercive field or coercivity H c . 

To study the magnetization of the films, we measured the 
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FIG. 1. A hysteresis loop for the out-of-plane magnetization of 8 ML Ni on 
smooth Cu(100) substrate grown at r g =400 K. The magnetization at zero 
external field is the remanence. The external field at zero net magnetization 
is called the coercive field or coercivity. 


remanence and coercivity as functions of Ni film thickness 
from 4 to 20 ML with the three different processing condi¬ 
tions. The results are shown in Figs. 2 and 3. 

First we will examine the data for Ni films grown on a 
smooth Cu surface at the optimum growth temperature of 
400 K. For film thicknesses below 8 ML, there are relatively 
weak Kerr ellipticities in both the parallel and perpendicular 
directions (Fig. 2). The magnitudes of the ellipticities cannot 
be directly compared because the polar and longitudinal Kerr 
effects have different sensitivities. The sensitivity for the po¬ 
lar Kerr effect is roughly ten times that of the longitudinal 
Kerr effect for our experimental setup, so the magnetization 
in the parallel direction is about ten times larger than the 
magnetization in the perpendicular direction. This is consis¬ 
tent with ferromagnetic resonance studies of Ni films on 
Cu(100) which showed the anisotropy energy favors in-plane 
magnetization below 7 ML. 25 The magnitudes of both com¬ 
ponents are comparable to those of films grown at 300 K 
indicating there is not a significant amount of alloying with 
the Cu substrate since this would result in a lower Kerr el- 
lipticity for the 400 K growth temperature films. 

The most striking difference between the films grown at 
300 and 400 K on a smooth substrate is the behavior of the 
coercive field at low thickness (Fig. 3). The coercive field 
stays nearly constant for 400 K growth temperature 1 '.ms 
where it increases monotonically for the 300 K growth tem¬ 
perature films. This shows the films have different domain 
structure with the 400 K films exhibiting a behavior charac¬ 
teristic of single domain films and the monotonically increas¬ 
ing coercivity for the 300 K growth temperature films char¬ 
acteristic or multidomain structure with an increasing 
domain size as the film thickness is increased. 

At 8 ML film thickness, there is an abrupt increase in 
both magnetizations. Tnis abrupt increase in magnetizations 
is accompanied by a sudden change in the coercive fields as 
well. The coercive field in the perpendicular direction drops 
to half its initial value indicating that the easy axis of mag¬ 
netization is now in the perpendicular direction. The coercive 
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FIG. 2. Remanence vs Ni film thickness for three different film/substrate 
systems measured at temperature T=200 K. For each of the plots there is an 
abrupt increase in both parallel and perpendicular magnetizations at approxi¬ 
mately 8 ML. Because of the limitation of our maximum applied magnetic 
field, the magnetization of the films could not be saturated in the parallel 
direction above 10 ML. This implies that the parallel component could also 
be increasing above this thickness. 


field in the parallel direction increases sharply above the 
switching thickness, ultimately going above the maximum 
field attainable with our experimental apparatus. The slope of 
the perpendicular coercive field versus film thickness above 
the switching thickness is 1.2 Oe/ML. The abrupt change in 
the easy axis of magnetization is characteristic of a magnetic 
reorientation phase transition where the easy axis of magne¬ 
tization changes from in plane to perpendicular at the switch¬ 
ing thickness of 8 ML. This effect has been observed with 
x-ray magnetic circular dichroism measurements at a film 
thickness of 10 ML. 26 

We do not attribute the magnetization reorientation 
phase transition to any gross structural change since the 
LEED spots are similar both below and above the switching 
thickness for films grown at 400 K. However a subtle struc¬ 
tural change occurs at thicknesses greater than 10 ML where 
the Ni(100) film transforms from a strained face centered 
tetragonal structure at low thickness with an in-plane lattice 
constant of the Cu substrate to a relaxed face centered cubic 
structure with an in-plane lattice constant identical to bulk 
Ni. 16 Small differences in the thickness where the structural 
strain relaxation change occurs may be due to different film 
preparation procedures or different levels of carbon and oxy- 
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FIG. 3. Coercivity vs Ni film thickness for three different film/substrate 
systems measured at temperature 7"=200 K. For each of the systems, the 
coercivity in the perpendicular direction drops at the switching thickness 
indicating that the easy axis of magnetization is now in the perpendicular 
direction. The coercive field in the parallel direction increases sharply above 
the switching thickness, ultimately going above the maximum field attain¬ 
able with our experimental apparatus. 
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gen contamination. This slight structural relaxation change 
nevertheless affects the anisotropy through the spin-orbit in¬ 
teraction It is sensitive to small changes in interatomic 
nearest-neighbor distances and by the different symmetry 
properties of the overlapping wave functions for the two 
structures. A recent calculation of the magnetocrystalline an¬ 
isotropy energy showed that as a general trend, decreasing 
the atomic spacing will increase the energy term which pre¬ 
fers a perpendicular magnetization. 13,14 

In order to study the effect of interfacial strain on the 
switching thickness, we performed similar measurements for 
films deposited on a rough substrate. Interfacial roughness 
increases the amount of vertical strain and decreases the 
uniaxial anisotropy in films with perpendicular spontaneous 
magnetization. 27,28 The Kerr intensity for the films deposited 
on the rough substrate is significantly lower than that of the 
films deposited on a smooth substrate which shows that the 
magnetization of the rough films is reduced. Surprisingly, the 
switching thickness remains the same at 8 ML film thickness 
where there is a rapid decrease in the polar coercive field. 
However the polar Kerr ellipticity is three times weaker and 
the coercive field is twice as large as the films grown at 400 
K. This reflects the different domain structure of the rough 
films and suggests that the structural change still occurs at 8 
ML film thickness. 


All these measurements show that the Ni films grown on 
Cu(100) have a predominantly in-plane magnetization for 
films below 8 ML thickness. Above a switching thickness the 
magnetization develops a strong out-of-plane component. We 
attribute this anomalous behavior to both structural and mag¬ 
netic micromorphology of the Ni thin films. Ultrathin films 
of Ni have a multidomain magnetic microstructure which is a 
combination of perpendicular and in-plane domains, with the 
in-plane domains dominating below 8 ML. At a critical film 
thickness there is a structural transition and a perpendicular 
magnetization develops. The surface roughness can affect the 
magnetic strain anisotropy in a complicated fashion because 
the Ni layers can expand in both the in-plane and perpen¬ 
dicular direction. In the thinnest films, an in-plane interfacial 
strain anisotropy component is dominant. However, with in¬ 
creasing thickness, an out-of-plane component develops. The 
measurements indicate a mix of in-plane and out-of-plane 
magnetization domains, the latter shows a sudden increase at 
an onset thickness of 8 ML. At much greater film thickness, 
Ni/Cu(100) films show a transition back to in-plane 
magnetization. 

Funding for this research was provided by Grant No. 
NSF-DMR 9121736. 
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Magnetization-related transport anomalies in metal/ferromagnetic insulator 
heterostructures 

G. M. Roesler, Jr., M. E. Filipkowski, P. R. Broussard, M. S. Osofsky, and Y. U. Idzerda 
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Magnetoresistance measurements have been performed on epitaxial metal/ferromagnetic insulator 
bilayers. They are more sensitive to magnetic behavior at the interface of such structures than 
magnetization measurements. It is clear from the magnetoresistance data that previously i ^ported 
slope discontinuities in the resistance versus temperature of such heterostructures are magnetic in 
origin. These studies demonstrate that the conduction electrons of the metal are coupled to the spins 
in the magnetic insulator, and act as probes of the magnetic state at the interface between the two 
materials. An example of the usefulness of this probe is shown by magnetoresistance measurements 
on a Ag/EuO bilayer. 


Thin film heterostructures of nonmagnetic metals and 
magnetic insulators represent a new class of systems in 
which the interaction of conduction electrons and magnetism 
may be investigated. They are in some respects analogous to 
all-metallic magnetic heterostructures, which have demon¬ 
strated remarkable behaviors such as giant magneto¬ 
resistance 1 and antiferromagnetic coupling through 
interlayers. 2 The primary qualitative difference between an 
all-metallic heterostructure and one involving insulators is 
that the conduction electrons in the latter are confined to the 
metal layer (except for tunneling processes), and interaction 
with localized moments is essentially restricted to those at 
the interface. Measurements of the in-plane resistance versus 
temperature in such systems 3 contain a strong feature near 
the Curie temperature of the insulator, for sufficiently thin 
metallic layers. In this paper, we describe magnetization and 
magnetoresistance measurements on such structures. Not 
only do these measurements confirm that the resistivity 
anomaly previously seen is magnetic in origin, but they re¬ 
veal the utility of resistivity measurements in probing the 
magnetic state at the metal/insulator interface. 

The metal/ferromagnetic insulator structures were pre¬ 
pared under conditions of heteroepitaxy, in a VG system with 
a base pressure of 10" 10 mbar, on the [100] plane of yttria- 
stabilized zirconia (YSZ) substrates. The ferromagnetic insu¬ 
lator used, EuO, was chosen for its relatively low Curie tem¬ 
perature of 70 K and ease of thin film preparation. Pressure 
during EuO deposition is typically 10 -6 to 10" 7 mbar due to 
outgassing of the boron nitride crucible containing the EuO. 
The lattice constants of EuO and YSZ are identical, 5.184 A, 
although the oxygen lattices of the two are of different sym¬ 
metry. At a deposition rate of about 0.2 A/s, EuO was found 
to grow epitaxially and two dimensionally on YSZ, with 
some three dimensionality of the surface occurring after 
about three unit cells have been deposited. For consistency, 
all of the samples reported in this work involve 100 A EuO 
layers grown at a substrate temperature of 300 °C. Our EuO 
films have shown 70 K Curie temperatures by magnetization 
and Kerr rotation measurements. We are unaware of other 
work in which EuO films have been prepared epitaxially, but 
EuS films have been epitaxially grown. 4 It is probably essen¬ 
tial that ultrahigh vacuum conditions be used in the prepara¬ 
tion of these metal/magnetic insulator structures, to ensure 


intimate contact, and to ensure that the thin metal layers 
needed to demonstrate coupling are of high quality. If thick 
metal layers are used, as in one study of a thick Pb/EuS 
bilayer, 4 coupling may be difficult to detect. In our samples, 
resistivity anomalies are not seen for metal layers thicker 
than 200 A. 

Metal layers are evaporated in situ after EuO growth is 
completed, at typical pressures of 1(T 8 to 10 -9 mbar. Be¬ 
cause resistance measurements, x-ray diffraction, etc. must 
be done ex situ, a 200 A Si passivation layer is applied to all 
samples. This is important to prevent degradation of the EuO 
due to moisture, and to minimize oxidation of V films, since 
the magnetic oxides of V could influence the scattering in the 
films. Resistance measurements are four-terminal ac or dc 
measurements with contacts in a van der Pauw configuration. 

Figure 1 contains a comparison of the resistance of two 
metal/ferromagnetic insulator bilayers, one composed of a 36 
A Ag layer on EuO, the other 45 A of V on EuO. Slope 
discontinuities, such as those reported in Ref. 3, are evident 
in both sets of R(T) data, at 50 K for the Ag/EuO bilayer and 
at 90 K for the V/EuO bilayer. Whenever a dR/dT disconti¬ 
nuity is observed in our V/EuO structures, it occurs at 90 K; 
and at 50 K in Ag/EuO structures (sometimes with an addi¬ 
tional feature at 13 K). Thus, a common trait of these struc¬ 
tures is a characteristic temperature T* determined by the 



Temperature (K) 


FIG. 1. The resistance of bilayers of 36 A V on 100 A EuO (circles) and 45 
A Ag on 100 A EuO (crosses), normalized to room temperature. Arrows on 
the data show the location of T * (dR/dT discontinuities) for the two samples. 
The top arrow is at the EuO Curie temperature (70 K). The dashed straight 
line is to make the curvature of the two data sets above T* more apparent. 
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FIG. 2. Perpendicular magnetization of a 20 A Ag film grown on 150 A 
EuO on yttria-stabilized zirconia. The magnetization of the bare substrate 
has been subtracted from the data. Departure from Curie-Weiss behavior is 
apparent below about 70 K. 


metal element, and perhaps by other conditions such as strain 
or epitaxial arrangement. Figure 1 also illustrates some quali¬ 
tative differences between the Ag/EuO and V/EuO samples 
we have grown. In the V-containing samples, the slope of the 
resistance always remains positive and has negative curva¬ 
ture down to Ty, whereas in Ag-containing samples, the re¬ 
sistance develops a positive curvature above TL. For very 
thin (20 A) Ag layers (not shown), R(T) exhibits a local 
maximum at TX g . This implies that the physics governing 
the scattering behavior in these two systems is qualitatively 
different. / further difference between V/EuO and Ag/EuO 
interfacial magnetism is apparent in the different values of 
T* in the two systems. Compared to the bulk EuO Curie 
temperature of 70 K, 7y is shifted upward in temperature, 
whereas TX g is shifted downward. 

The proximity of the dRIdT discontinuities to the EuO 
Curie temperature suggests that those features are magnetic 
in origin. T\vo experiments to confirm this, soft x-ray mag¬ 
netic circular dichroism (SXMCD) and Hall effect, were re¬ 
ported in Ref. 3. No dichroism was observed in the SXMCD 
measurement, giving no confirmation of d-band splitting, 
and no anomalous Hall voltage was noted. A change in mag¬ 
netic scattering due to magnetic ordering still seemed the 
most likely cause of the resistance anomalies. To verify this, 
magnetization and magnetoresistance measurements were 
performed on Ag/EuO heterostructures. Figure 2 shows the 
magnetization of a Ag/EuO bilayer measured on a SQUID 
magnetometer with the magnetic field perpendicular to the 
film plane. The magnetization of the bare substrate (weakly 
paramagnetic) has been subtracted from the data. Curie- 
Weiss behavior is evident at high temperatures. Departure 
from Curie-Weiss behavior begins in the 60-70 K range, 
but there is no distinct feature corresponding to TX g • This is 
not surprising if the anomaly at TX g represents an interfacial 
phenomenon, since any transition there involves only a frac¬ 
tion of the magnetic ions in the sample. 

Magnetoresistance measurements proved more success¬ 
ful in resolving the bulk and interface behavior, and in asso¬ 
ciating the anomaly at TX g with magnetism. The magnstore- 
sistance of a 45 A Ag layer on EuO is shown in Fig. 3 for 
various magnetic fields applied perpendicular to the film 
plane. For fields of 1, 2, and 3 T, the magnetoresistance is 


FIG. 3. Magnetoresistance of a 45 A Ag film on 100 A EuO in fields of (top 
to bottom) 1, 2,3, and 4 T. The arrows indicate cusps in the 4 T data, which 
nearly correspond to Curie temperature of EuO (upper cusp), and to the 
slope discontinuity of the zero-field resistance that defines 7^ g . 

nonmonotonic with temperature, having a maximum magni¬ 
tude a few degrees above 7^ g , and a minimum magnitude at 
about TX g . At 4 T, the magnetoresistance is no longer non¬ 
monotonic with temperature, but slope changes are visible 
both at the EuO Curie temperature and at TX *. Whatever the 
microscopic mechanism, a magnetic field strongly influences 
the scattering behavior at TX g ■ The magnetoresistance is 
negative even far above the Curie temperature, as is typical 
of systems containing disordered magnetic ions. One inter¬ 
pretation of the phenomenon at T* is a reduction in scatter¬ 
ing due to ordering of spins caused by local (exchange) 
fields. An ordering of perhaps one-quarter to one-half of the 
scattering centers would be consistent with the observed 
magnetoresistance. 

Similar behavior has been observed in V/EuO hetero¬ 
structures near 7y. The magnetoresistance of a V/EuO bi¬ 
layer in a field of 1 T is shown in Fig. 4. The curve 
A/?=A/?o( 7VT) 2 , which is the magnetoresistance scaling ex¬ 
pected for spin-flip scattering from disordered ions, is super¬ 
imposed on the data. The close fit to the data at high tem¬ 
peratures and the abrupt departure just above 7y suggest that 
the maximum magnitude of magnetoresistance is due to an 
extra scattering mechanism , in addition to spin-flip scatter¬ 
ing, which is significant within a few degrees of T *. 

These magnetization and magnetoresistance measure¬ 
ments demonstrate an association between magnetism and 



FIG, 4. Magnetoresistance of a 20 A V film on 100 A EuO in a field of 1 T. 
The dashed curve is iJt=\R 0 (T 0 /T) 2 , where is the magnetoresistance 
at 7' 0 = 113 K. 
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resistance anomalies in these metal/magnetic insulator het¬ 
erostructures. The microscopic behavior responsible for this 
association could be as simple as alignment of the localized 
Eu ++ spins by the molecular field of the EuO. Or a more 
complex phenomenon, such as a many-body polarization of 
the conduction electrons due to the overlap of their wave- 
functions with the Eu ++ / orbitals, could be responsible. 
Regardless of the mechanism, the conduction electrons re¬ 
spond to changes in scattering which are associated with 
magnetism, and therefore act as probes of the magnetic state 
at the interface. 

We show as an example of the utility of this interaction 
the magnetic behavior of a Ag/EuO multilayer which exhib¬ 
ited a T* of 13.5 K rather than the usual 50 K. Because the 
total thickness of this multilayer was over 500 A, some sur¬ 
face roughness may have allowed contact between Ag and 
EuO planes not ordinarily in contact in thin bilayer samples. 
The resistance of the multilayer is shown in Fig. 5 for the 
magnetic field both in-plane and out-of-plane. With the field 
in-plane, the magnetoresistance is small and negative above 
T*, and nearly zero below T*. When the field is out-of¬ 
plane, magnetoresistance is strongly positive at low tempera¬ 
tures, and the downward shift of T* is stronger than with the 
field in-plane. These measurements suggest that an in-plane 
anisotropy exists in this sample. 

The coupling of conduction electrons to localized spins 
at a metal/magnetic insulator interface may in future prove to 
be useful both for probing the magnetic state of such inter¬ 
faces and for understanding fundamental processes involved 
in electron-spin interactions. It will be important to develop 
an understanding of the microscopic processes which deter¬ 
mine the magnetic and scattering behavior illuminated by 
these measurements. For example, two fundamental ques¬ 
tions are why Ty and 7^ are different, and why they are 
displaced in opposite directions from the Curie temperature 
of bulk EuO. Determining the role of epitaxy and interface 
arrangement in the behavior of these structures will be the 
subject of future studies. Also of interest is the nature of the 
13 K anomaly in Ag/EuO films, which is only occasionally 
observed in these structures. 



0.98 '- 1 - 1 - 1 -1_i_i_ l 



Temperature (K) 


FIG. 5. Resistance in a magnetic field of an Ag/EuO multilayer of compo¬ 
sition (20 A Ag/30 A EuO) 10 , with magnetic field (a) in plane, and (b) out of 
plane. Magnetic field strengths: H =0 (crosses, solid curves), 2 T (circles, 
dashed curves), and 4 T (diamonds, dot-dashed curves). 
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Lorentz electron microscopy studies of magnetization reversal processes 
in epitaxial Fe(C01) films 
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The magnetic domain structure and microscopic magnetization reversal processes in epitaxial Fe/ 

GaAs(OOl) films with cubic anisotropy and in-plane easy axes have been investigated by a Lorentz 
microscope equipped with a magnetizing stage. For the films of a few hundred angstroms thickness 
we observe the single domain remanent state predicted for a two-dimensional film but find that 
domains play a crucial role in the magnetic reversal process. For reversal along the in-plane (110) 
directions (hard axes), magnetization reversal proceeds via a combination of coherent rotation and 
displacements of weakly pinned 90° domain walls at critical fields. For magnetization reversal along 
the in-plane (100) directions (easy axes), an irregular checkerboard domain structure develops at the 
critical field and both 180° and 90° domain walls coexist. The reversal of the domains with 
magnetization vector opposite to the applied field direction takes place by a combination of two 90° 
reorientations. We discuss how these processes are related to the magnetic anisotropies present in 
the film and the macroscopic M-H hysteresis curves. 


I. INTRODUCTION 

The magnetic properties of thin epitaxial Fe films and 
various types of Fe multilayer films grown on semiconductor 
substrates are of particular interest since they open up possi¬ 
bilities for a broad range of applications 1 and also permit 
fundamental studies in magnetism. 2-4 The structural and 
magnetic properties of these epitaxial Fe films are the focus 
of current experimental investigations. 3-5 Recently, the mag¬ 
netization reversal processes in epitaxial Fe/GaAs(001) thin 
films have been studied by the longitudinal and transverse 
magneto-optical Kerr effects (MOKE). 4-6 From these stud¬ 
ies, it is now clear that the simple coherent rotation model 
cannot explain all the details of the magnetization process in 
these Fe/GaAs(001) films and that magnetic domain pro¬ 
cesses play an important role in the magnetization reversal 
around the transition fields. However, to our knowledge, the 
detailed domain evolution during magnetization reversal in 
such epitaxial Fe films has not been reported. 

II. EXPERIMENT 

The Fe films were grown on As-desorbed GaAs(OQl) 
substrates in an ultra high vacuum chamber. 7 During growth, 
the pressure was less than 5X10 -10 mbar. The optimum sub¬ 
strate temperature of 150 °C and a deposition rate of 1 
A min -1 were used for the Fe growth. To prevent oxidation, 
completed Fe films were covered by a Cr cap layer. In this 
work, a new selective chemical etching technique was em¬ 
ployed to prepare Lorentz microscope specimens. 7 By using 
this method, an electron transparent uniform “window” (up 
to 300X 300 p m in size) appropriate for magnetic domain 
studies can be fabricated. The macroscopic magnetization 
reversal behavior of the Fe films was studied using a MOKE 
magnetometer. 5,8 The magnetic domain structure in the Fe 
films was revealed using a Lorentz electron microscope 
equipped with a magnetizing stage. 9 


III. RESULTS 

A. Microstructure 

The epitaxial growth of bcc Fe films was confirmed by 
transmission electron diffraction. The surface topography of 
the Fe films was investigated by scanning tunneling micros¬ 
copy (STM). STM images reveal that the films have a sur¬ 
face roughness amplitude of about 10 A over lateral distance 
of several hundred angstroms. Detailed structural results are 
reported elsewhere. 10 

B. Microscopic magnetization reversal processes 
1. (110) hard directions 

For the applied field aligned parallel to the (110) in¬ 
plane hard direction, the MOKE hysteresis loop of an Fe(150 
A)/GaAs(001) film with cubic anisotropy (K x /M=259 Oe, 
K u ~ 0) is inset in Fig. 1. It can be seen that initially there is 
a gradual decrease of the component of the magnetization 
parallel to the applied field direction from saturation as the 
field strength is reduced from the saturation value. An abrupt 
jump occurs at a small negative field followed by a further 
gradual decrease until negative saturation is reached. At this 
transition field, Barkhausen discontinuities are observed in 
the detailed MOKE loops indicative of the irreversible 
movement of domain walls. 

To gain insight into the mechanisms by which the mag¬ 
netic switching behavior described above took place, the 
Fe(150 A)/GaAs(001) film was subjected to field cycles in 
the Lorentz microscope. First, a single domain state was in¬ 
duced by applying a magnetic field (//,) along one of the 
(110) directions, say the [110] direction. Then the field was 
reduced to zero. In the remanent state, the Fe film was found 
to be still in a single domain configuration. This single do¬ 
main state persisted up to a critical reverse field strength 
H r = //*„, applied along the [110] direction at which domain 
walls were first observed (H J ri , = 5.6 Oe for a field amplitude 
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(a) 



(b) 


FIG. 1. Foucault images of an Fe(150 A)/GaAs(001) film for the field ap¬ 
plied along the hard axis. The component of induction mapped was parallel 
to the applied field direction for reverse field strengths (/f,||[ilO]) of (a) 
«*#,(!») 1.10 A** . The MOKE hysteresis loop along this direction is inset. 


of 120 Oe). Only a few domain walls appeared, extending 
several hundreds of microns across the whole area of the 
window. A Foucault image, sensitive to the component of 
induction parallel to the field direction and recorded at the 
critical field strength is shown in Fig. 1(a). In this image, a 
single wall running almost parallel to the [110] direction can 
be seen. Figure 1(b) shows what happened when the field 
strength was increased to a value of 1.10 //*„. In this case 
the domain wall seen in Fig. 1(a) remained pinned at the 
original position but another domain wall moved into the 
field of view from the top right-hand corner. A further small 
increase of field led to the disappearance of domain walls 
from the whole of the visible area of the sample. Repetition 
of the field cycle described above showed that the fields at 
which walls appeared and disappeared were highly reproduc¬ 
ible. Further, it was noted that Foucault images sensitive to 
magnetic induction perpendicular to the field direction were 
never found to show contrast variations, indicative of a con¬ 
stant (or zero) magnetization component in that direction. 
These images are consistent with the magnetization orienta¬ 
tions indicated by the arrows shown in Fig. 1. 

The overall magnetization reversal process for fields 
along the (110) direction can now be explained with refer¬ 
ence to Fig. 2. As the field strength is reduced from a high 
value in the [110] direction, there is a tendency for the mag¬ 
netization to rotate towards the nearest easy axis. While 
[llO] lies midway between the easy [100] and [010] direc¬ 
tions, in practice, the applied field will never be exactly 
along the intended direction with the result that the magne¬ 
tization vector rotates towards whichever easy direction is 
closer to that of the field ([100] in Fig. 2). Hence, in the 
remanent state, the sample is uniformly magnetized as a 
single domain along this “preferred” easy direction. Appli¬ 
cation of a field of the opposite polarity (namely one parallel 
to [110]) leaves the film in its single domain state until, at the 
critical field, 90° walls are nucleated and these sweep across 



FIG. 2. Magnetization reversal process for applied fields near the (110). 


the specimen introducing domains in which the magnetiza¬ 
tion is oriented along [010], the easy direction near to .‘hat of 
the applied field. Increasing the field strength by only a frac¬ 
tion of 1 Oe allows [010] oriented domains to grow through 
Barkhausen-like jumps, the jump distance observed being of 
the order of a few tens of microns. This part of the reversal 
process corresponds to the steep part of the MOKE loop. 
When it is complete the whole of the film is once again 
uniformly magnetized but the direction of magnetization has 
changed from the [100] direction to the [010] direction. In¬ 
creasing the field strength further leads to the magnetization 
moving away from the [010] direction towards that of the 
applied field. Very similar magnetization reversal behavior 
has also been observed for a 450 A Fe film along the (110) 
hard axes. 


2. (100) easy directions 

Along the (100) easy directions, the Fe films exhibit a 
square hysteresis loop (the hysteresis loop is inset in Fig. 3). 
However, Barkhausen discontinuities are also observed at the 
transition field in the detailed minor hysteresis loop. 

In the microscope, following a similar procedure to that 
used for the (110) direction, a single domain state was first 
induced, in this case by applying a field along [010]. After 
removal of the field, no walls were observed in the sample, 
as is consistent with the square loop observed by MOKE. 
Magnetization reversal was then studied by applying succes¬ 
sively greater fields parallel to [010], No change was ob¬ 
served up to a field of H e ai{ = 7.8 Oe at which point domain 
walls suddenly appeared. A Foucault image, sensitive to the 
component of induction perpendicular to the field direction 
and recorded at the critical field strength is shown in Fig. 
3(a). The evolution of the domain structure shown in Fig. 
3(a) is shown for a field of 1.09 H e m{ in Fig. 3(b). In both 
cases the domain structure is of the checkerboard type ob¬ 
served also in demagnetized Fe/MgO(001) films. 11,12 The 
magnetization distributions deduced from the images (the 
Foucault images, sensitive to the component of induction 
parallel to the field direction are not included in Fig. 3) are 
also shown in Fig. 3. Increasing the field above 1.13 H e cnl led 
to a complete loss of domain walls with the sample returning 
to a single domain state, albeit with a reversed magnetization 
vector. A similar checkerboard domain pattern is also formed 
for reversal along the other easy axis. 
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FIG. 3. Foucault images and magnetization distributions of the 150 A Fe 
film for the field applied along the easy axis. The component of induction 
mapped in the images was perpendicular to the applied field direction for 
reverse field strengths (//J[010]) of (a) H ' ait , (b) 1.09 . The MOKE 

hysteresis loop along this direction is inset. 


While a pure checkerboard domain structure comprises 
only 90° domain walls, some (generally short) 180° walls are 
observed in our structures. It can be seen that the 90° and 
180° domain walls are aligned almost along the (110) and 
(100) directions, respectively. The 180° domain walls are 
assumed to arise from the combined action of the applied 
field and pinning centers. 

In Figs. 3, domain wall displacements and the nucleation 
of new domains are observed. A detailed study of Figs. 3 
shows that the reversal of the magnetization which is initially 
antiparallel to the applied field tends to take place not by a 
single reversal, but by a combination of two 90° reorienta¬ 
tions. This two-step reversal process appears to involve both 
domain nucleation and wall displacements. 

It is immediately clear that magnetic domains again play 
a crucial role in the reversal mechanism when the field is 
applied along a (100) direction. The main steps in the rever¬ 
sal process are summarized as follows. Since (100) direc¬ 
tions are the easy axes for an Fe film with cubic anisotropy it 
is entirely reasonable that the magnetization should remain 
oriented along is initial direction (say [010]) when the field is 
reduced to zero. Even if the applied field is not exactly par¬ 
allel to the [010] direction, as mentioned in the previous 
section, during reduction of the field strength to zero, the 
magnetization will simply rotate to this [010] direction leav¬ 
ing a single domain remanent state. Since the [010] direction 


is the bisector of another two easy directions, [100] and 
[100], there should be comparable probabilities for the mag¬ 
netization to jump into either of these two easy directions as 
the strength of the field in the [010] direction is increased. 
Thereafter, further 90° transitions take place to introduce do¬ 
mains in which the magnetization is parallel to the applied 
field and, over a small field range, all four easy magnetiza¬ 
tion directions are present in the sample simultaneously. This 
structure is the checkerboard pattern but it exists only within 
a narrow field range. It is destroyed by a combination of 
further domain nucleation and wall motion of the kinds dis¬ 
cussed above. For the 450 A Fe/GaAs(001) film an irregular 
checkerboard pattern also develops for reversal along the 
easy directions. 

IV. DISCUSSION AND CONCLUSIONS 

Since all the magnetic domains observed have sizes (>1 
/xm) much larger than the lateral length of surface features 
revealed by STM, one may conclude that the domain size is 
not affected by the topography of these Fe/GaAs(001) films. 
For demagnetized ultrathin fee Co/Cu(100) films, the mag¬ 
netizations of the domains lie along each of the four easy 
in-plane axes but the walls are extremely irregular, suggest¬ 
ing a vanishing magnetostatic energy. 13,14 In our films, the 
domain walls are fairly straight and have a defined orienta¬ 
tion with respect to the crystal axes. Therefore, these results 
show that the 150 A thickness is sufficient for the magneto¬ 
static energy contribution to the wall energy to be 
important. 10 Nonetheless, the films are still thin enough to be 
considered as almost two dimensional from the viewpoint of 
domain formation. A simple estimate of the energy associ¬ 
ated with the checkerboard domain structure shows that the 
checkerboard domain is driven by the Zeeman energy at the 
coercive field. 10 
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reflectometry study 

S. Adenwalla, Yongsup Park, and G. P. Felcher 

Argonne National Laboratory, Argonne, Illinois 60439 

M. Teitelman 

Russian Academy of Science, Nizhny Novgorod, Russia 

The magnetization of ultrathin bcc Fe films (two and three monolayers) on MgO was measured and 
compared with the behavior predicted for a two-dimensional ferromagnet. The experiment indicated 
that no hysteresis was present in the magnetization. Instead, the magnetization at low temperature 
was affected by a marked field cooling effect. These observations lead to the conclusion that films 
of Fe on MgO of such thickness exhibit superparamagnetic behavior as if they were not entirely 
continuous. In contrast, films thicker than five monolayers exhibit a magnetic response close to that 
of bulk iron. 


I. INTRODUCTION 

A polarized neutron reflection (PNR) study of thin films 
of bcc iron on MgO recently published 1 showed some sur¬ 
prising features. Even the thinnest films (two monolayer 
thick) were found to be ferromagnetic. At low temperature a 
sizeable magnetic field (of the order of 1 kOe) was necessary 
to saturate the in-plane magnetization, while fields of a few 
oersted were sufficient to saturate thicker samples. The am¬ 
plitude of the ferromagnetic moment was found to be 2.2 
±0.2 /jl b I Fe atom regardless of the sample thickness, in con¬ 
trast with a predicted enhancement 2 for the surface atoms 
close to 3 yU/j/Fe atom. In view of the unusual magnetization 
curve at low temperature the question was raised if these thin 
films of iron showed the elusive magnetic behavior expected 
for a two-dimensional ferromagnet. 

A magnet in two dimensions differs in significant ways 
from its three-dimensional counterpart. The Mermin- 
Wagner theorem shows that in the absence of anisotropy 
there is no magnetic ordering at zero field. 3 At finite fields 
the field and temperature behavior of the magnetization is 
governed by the equation 4 

M k B T 

iv/^ = 1 + 2 ttv 7 ln t 1 ~ exp ( — b T )]- (1) 

For fj.H<kT the magnetization follows a loglike behavior. 
Over a large temperature range the magnetization induced at 
a given field decreases almost linearly with increasing tem¬ 
perature. 

The technique used was PNR, the working of which has 
already been discussed in detail in the literature. 5 Here it was 
used to measure the magnetic moment, functioning as a sen¬ 
sitive magnetometer. The physical quantities observed by 
PNR, however, differ somewhat from those observed by 
regular magnetometry. In PNR it is assumed that the films 
are formed ol uniform and fiat layers. If the films are not 
entirely uniform, the mean amplitude has to be taken for 
each height in the film; the roughness also causes some of 
the neutrons to be scattered out of the specular beam. Sec¬ 
ond, only the component of the magnetization in the plane of 
the sample is measured. This component, however, can be 
obtained as an absolute value. 


II. EXPERIMENT 

The samples studied consisted of the equivalent of two, 
three, or eight monolayers of Fe evaporated onto the sub¬ 
strate at room temperature. The Fe was covered by a wedge- 
shaped coating of gold, with a mean thickness of 200 A. 
These samples had been used in a previous PNR 
experiment, 1 and they were similar to others used in exten¬ 
sive magneto-optical Kerr effect measurements. 6 However 
fresh samples, sputtered on MgO and covered with MgO as 
well, showed similar magnetic behavior. The measurements 
were taken at temperatures ranging from 25 to 300 K and 
magnetic fields from 20 to 7000 Oe at the reflectometer 
“POSY-I” at the Intense Pulsed Neutron Source at Argonne 
National Laboratory. Each data point presented here has been 
extracted from a measurement which took approximately 
12 h. 

Fitting the neutron reflectivity data, we obtain a satu¬ 
rated moment of 2.0±0.2/i fl /Fe atom, showing no enhance¬ 
ment over the bulk value. Demagnetizing effects do not play 
a role since at this field the moment lies along the applied 
field direction. 

Figure 1 shows the temperature variation of the magne¬ 
tization of the three monolayers sample at 7 kOe. The mag¬ 
netization decreases linearly with increasing temperature 
with a slope far greater than that of bulk iron. Is this the 
signature of a two-dimensional magnet? The low tempera¬ 
ture magnetization curve (Fig. 2) shows saturation at about 
1000 Oe and could not be fit to a log function. On the other 
hand, the magnetization had features not expected for a con¬ 
ventional ferromagnet. No evidence for hysteresis was 
found, as it was checked by reversing the field and then 
measuring the remnant magnetization. In addition, a very 
marked field cooling effect was present. On cooling from 
275 K in a field of 7 kOe (FC), the remanent magnetization 
was about half the saturation value. The remanent magneti¬ 
zation dropped dramatically by cooling from room tempera¬ 
ture in zero field. The two monolayers sample displayed es¬ 
sentially the same features as the three monolayer sample, 
but with worse statistics. The eight monolayer sample 
showed a clear hysteresis loop, with a H c of 50 Oe at 35 K 
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FIG. 1. Temperature dependence of the magnetization for the three mono- 
layer sample. Data were taken at a field of 7 kOe. The dashed line is the 
Langevin function for particles of 1000 atoms. 
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FIG. 3. Hysteresis loop at 35 K for the eight monolayer sample. 


(see Fig. 3) and no appreciable variation with temperature of 
the magnetization at saturation. 

III. DISCUSSION 

The absence of hysteresis is indicative of superparamag¬ 
netism. Instead of a continuous thin film of Fe, the Fe forms 
islands on the surface of MgO. In a superparamagnetic ma¬ 
terial, in the absence of anisotropy, the component of mag¬ 
netization in the field direction follows the Langevin 
function 4 


(mL\ 

l k jL) 


U#/ 


where fi refers to the magnetization of the superparamag¬ 
netic particle, comprising a large number of atoms. Using the 


o Field cooled 
• • Zero field cooled 
x Hysteresis 



FIG. 2. Field dependence of the magnetization at 25 K of the three mono- 
layer sample. The dashed line is the Langevin function for particles 1000 
atoms in size. 


absolute value of the magnetization per Fe atom (obtained 
from fitting the neutron reflectivity data), we obtain the best 
fit to a Langevin function for islands of 1000 atoms in size. 
The calculated magnetization is presented in the form of 
dashed curves in Figs. 1 and 2; in Fig. 1 it is apparent that, 
even for superparamagnetic particles, the temperature varia¬ 
tion of the magnetization is almost linear in a region not too 
close to the Curie temperature. 

According to the Langevin function the magnetization is 
null at zero field. However it is well known 4 that below a 
blocking temperature field cooling effects are present, which 
are interpreted as due to anisotropy. The anisotropy energy 
provides an energy barrier against rotation of the magnetiza¬ 
tion. If the sample is cooled in a magnetic field, and the the 
magnetic field is turned off, the magnetization relaxes expo¬ 
nentially with a time constant that is large well below the 
blocking temperature. A naive calculation starting from the 
crystalline anisotropy of Fe gives a relaxation rate at 25 K of 
~10 _g s—a value which is far too small. Published measure¬ 
ments by Xiao et al? on granular films confirm that the crys¬ 
talline anisotropy is only a small contribution to the anisot¬ 
ropy energy barrier in superparamagnetic systems. We know 
that other anisotropies are present in our system, for instance 
shape anisotropy. The iron clusters are in reality thin flat 
islands; if they were not so, their magnetic moment would 
not have contributed appreciably to the magnetic reflectivity. 
As corroborating evidence, the magnetization of the eight 
monolayer Fe coverage seems to be that expected of a con¬ 
tinuous film. What is not known is the detailed nature of 
these islands, and for that reason it is not possible at present 
to do further modeling: the notion itself of superparamag¬ 
netism is qualitative (because no interaction is assumed be¬ 
tween the islands) and based on a a limited amount of obser¬ 
vations. However, transmission electron microscopy 
characterization may allow us to make a more quantitative 
analysis. 
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The present study shows that films of Fe on MgO below 
a certain thickness do not have long range ferromagnetic 
ordering, such as has been observed for ultrathin Fe films on 
Cu, 8 Ag, 9 and Au. 10 The magnetic response can be explained 
in terms of superparamagnetism, which leads to the conclu¬ 
sion that, below a certain thickness, Fe on MgO aggregates 
in islands. This conclusion had been tentatively reached al¬ 
ready by Liu et al. 6 on the basis of some magneto-optic mea¬ 
surements: below a thickness of four monolayers Fe films on 
MgO showed no Kerr effect signal. The lattice mismatch 
between MgO and Fe is only 4%; however, the difference in 
the surface ene>gies (4010 nJ/mm 2 for Fe vs 1200 nJ/mm 2 
for MgO) is large, which may account for the fact that at 
small thicknesses the Fe does not wet the MgO surface. Fi¬ 
nally, the present measurements indicate that the magnetic 
moment of iron in these samples is not enhanced compared 
to the bulk value which is consistent with our conclusion that 
we have aggregates of particles in these samples. 
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Roughness dependent magnetic hysteresis of a few monolayer thick Fe 
films on Au(001) 

Y.-L. He a) and G.-C. Wang 

Department of Physics, Rensselaer Polytechnic Institute, Troy, New York 12180-3590 

We have studied quantitatively the surface and interface roughness of Fe films in a few monolayer 
regime on an Au(001) surface using the high-resolution low-energy electron diffraction technique. 

The hysteresis loops of those films were also measured in situ by the surface magneto-optical ken- 
effect technique. A conelation between the shape of hysteresis loops and the roughness of films was 
observed. The hysteresis loops are consistently squarelike for films with a two-dimensional (2D) 
smooth structure. For films with isolated three-dimensional (3D) islands structure, the hysteresis 
loops are typically stripelike. For films with a combination of 2D/3D structure, the loop shape is 
squarelike for longitudinal loops and stripelike for polar loops. 


I. INTRODUCTION 

The study of the relationship between ultrathin film mor¬ 
phology and magnetic properties on the atomic scale is a 
challenging subject. The magnetism is an electronically 
driven phenomenon. It depends not only on the arrangements 
of electrons in an atom but also on the structural arrangement 
of atoms in an ultrathin film. Advances in sample preparation 
techniques and availability of atomic scale characterization 
techniques have made it possible to prepare ultrathin films in 
a variety of structures. 1 If the magnetic property of films with 
known structure is measured, then the possibility of obtain¬ 
ing magnetic ultrathin films with desired characteristics in¬ 
creases. 

Previous experimental studies on magnetic properties of 
ultrathin Fe films grown on an Au(001) surface under various 
growth conditions have been reported. For example, Liu and 
Bader 2 have observed perpendicular magnetic anisotropy in 
the Fe/Au(001) films grown at 100 K with thickness less 
than 2.8 monolayer (ML). In contrast, Fe/Au(001) films 
grown at room temperature have been shown to exhibit in¬ 
plane easy axes in the monolayer regime. 3,4 However, quan¬ 
titative information on the roughness and structure of the 
as-grown films and their effects on magnetic properties are 
still lacking. In this article, we show there exists a strong 
dependence of magnetic hysteresis loops on the roughness of 
ultrathin Fe/Au(001) films in a few ML regime. There are 
three kinds of film roughness, two-dimensional (2D) smooth 
and continuous, three-dimensional (3D) isolated islands, and 
a mixture of 2D/3D, that can be prepared at room tempera¬ 
ture by changing the deposition rate. 

II. EXPERIMENT 

All the experiments were performed in an ultrahigli 
vacuum chamber with a base pressure of lx 10” 10 Torr. The 
chamber was equipped with surface magneto-optic kerr ef¬ 
fect (SMOKE), high-resolution low-energy electron 
diffraction 5 (HRLEED), and Auger electron spectroscopy 
(AES) techniques. The details of our SMOKE setup have 
been presented elsewhere. 6 The magnetic field can be aligned 
either perpendicular or parallel to the sample surface by ro- 
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tating the electromagnet 90° in situ. This allows the measure¬ 
ment of longitudinal and polar Kerr loops using the same 
electromagnet. 

The perfection of the Au(001) substrate was character¬ 
ized by angular profile measurements of diffraction beams 
from the surface. On a well-annealed surface, the size of 
ordered regions ranges from ~400 to -600 A. Ultrathin Fe 
films were prepared by thermal evaporation of Fe atoms 
from an Fe foil heated to —1200 °C by electron bombard¬ 
ment. The growth rate and roughness of films were deter¬ 
mined by analyzing the changes of angular profiles of the 
(00) diffraction beam measured from the Fe films/Au(001). 

III. RESULTS AND DISCUSSION 
A. Film growth and morphology 

To monitor the growth morphology using HRLEED, we 
measure the change of angular profiles near an out-of-phase 
diffraction condition of film-substrate system during deposi¬ 
tion. This is because the destructive interference of electrons 
is most sensitive to a surface or a film containing steps. 7 For 
example, if electrons scattered from adjacent terraces sepa¬ 
rated by a step of height d are out of phase, i.e., the electron 
path length is a half-integer number of the electron wave¬ 
length X., then the diffraction intensity at the Bragg position 
decreases. The angular profile will broaden. This destructive 
interference condition is d cos 0=X/2, where the 0 is the 
angle of incidence and angle of diffraction for the specular 
diffraction beam and X.=[150.4/Zs(eV)] 1/2 . Reference 8 lists 
calculated and measured energies for the out-of-phase condi¬ 
tion for the clean Au and Fe-Au systems. 

The Fe films of a few ML thickness are prepared by the 
experience gained from the submonolayer growth. 8 Basi¬ 
cally, the line shape of angular profiles broadens from that of 
the clean surface profile and then narrows with accumulated 
deposition time. At 110 s, the angular profile becomes nearly 
the same as that of the initial time. From the diffraction point 
of view, the Fe/Au(001) surface is virtually identical to the 
clean Au surface. We thus assign the Fe coverage as -1 ML 
at 110 s, implying the growth rate is —0.55 ML/min. The 
growth rate can be doubled by increasing the source tem¬ 
perature by 20 K. In this range of deposition rate, the growth 
mode is essentially layer-by-layer as evidenced by the full- 
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FIG. 1. Angular profiles of the (00) beam measured from Fe/Au(001) films: 
(a) and (b) 2D with -2.0 ML coverage; (c) and (d) 3D film with —2.1 MLE 
coverage. The energies of 27.5 eV (a) (28 eV for (c)] and 44 eV (b) [same 
for (d)] are near the out-of-phase conditions for Au-Fe and Fe-Fe steps, 
respectively. The /f| is the momentum transfer parallel to the surface and is 
in units of Brillouin zone [BZ=2ir/(2.88 A)]. 




width-at-half-maximum (FWHM) oscillation and a smooth 
continuous film, denoted as 2D film, persists up to -3 ML. It 
then crosses over to a 3D island growth mode. The angular 
profiles (raw data) near the out-of-phase conditions of Fe-Au 
(27.5 eV) and Fe-Fe (44 eV) from a 2D film of -2 ML are 
shown in Figs. 1(a) and 1(b). Both profiles do not broaden 
significantly compared to that of the clean Au surface and 
indicate a relatively smooih and continuous film with low 
density of steps as sketched in Fig. 2(c). 

If the growth rate was reduced below -0.2 MlVmin, 3D 
island growth occurs. There was no oscillatory behavior ob¬ 
served in the line shape of angular profiles with accumulated 
time as that observed in 2D layer-by-layer growth. Instead, 
the FWHM at the out-of-phase condition mono’onically in¬ 
creases with time (not shown here). This is a characteristic of 
3D growth. The rate dependence of growth mode is due to 

(a) 



(c) 



FIG. 2. Schematics of three ultrathin Fe/Au(001) films: (a) —2.1 MLE, 3D 
isolated islands; (b) -3.7 MLE, 3D continuous islands; and (e) —2.0 ML, 
2D continuous and smooth. The shaded area denotes the substrate (with a 
step), and the unshaded area denotes the films. 


FIG. 3. Longitudinal and polar hysteresis loops measured from Fc films 
with various roughness as sketched in Fig. 2: (a) and (d) for 3D isolated 
islands, —2.1 MLE; (b) and (e) for 3D islands on 2D smooth film, -3.7 
MLE; and (c) and (D for 2D smooth film, —2.0 ML. Note the arbitrary units 
in the Kerr intensity. 


the growth kinetics and has been discussed elsewhere. 9 Fig¬ 
ures 1(c) and 1(d) show the profiles measured near the out- 
of-phase conditions of Fe-Au (28 eV) and Fe-Fe (44 eV) 
from a film with -2.1 ML equivalent (MLE) coverage. 
Comparing the profiles of Figs. 1(c) and 1(d) with that of 
Figs. 1(a) and 1(b), the profiles of Figs. 1(c) and 1(d) are 
considerably broader. A complete energy-dependent FWHM 
measurement shows maximum broadening peaks at —28 and 
-43 eV. 9,10 This result is consistent with the calculated de¬ 
structive interference energy. 8 The coexistence of two types 
of steps (Fe-Au and Fe-Fe) supports that the film was grown 
in a 3D mode. The amount of broadening is inversely pro¬ 
portional to the average terrace width. 7 From the FWHM 
shown in Figs. 1(c) and 1(d), we estimate that the average 
terrace of isolated islands is -60 A. Also, the profile shape 
measured at the Fe-Fe out-of-phase is consistent with that 
from a multilayer thick film. A film with -2.1 MLE cover¬ 
age consisting of 3D islands isolated by nonmagnetic Au 
substrate is sketched in Fig. 2(a). The lateral size of the is¬ 
lands near the interface is smaller than the terrace of Au 
substrate (shaded area of —400-600 A). With sufficient 
amount of Fe deposits, e.g., —3.7 MLE, the substrate is en¬ 
tirely covered by the film as sketched in Fig. 2(b). 

B. Magnetic hysteresis loops 

Figure 3 shows hysteresis loops measured from two 
kinds of 3D films (—2.1 and —3.7 MLE) and a 2D smooth 
film of —2 ML. The polar loops measured from both 3D 
films are typically stripelike as shown in Figs. 3(d) and 3(e). 
However, the shape of longitudinal loops for the 3D films 
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depends on the film coverage. The longitudinal loop mea¬ 
sured from ~2.1 MLE film is stripelike as shown in Fig. 3(a) 
but is square like for ~3.7 MLE film. In contrast there is no 
coverage-dependent loop shape for 2D films. The loops are 
squarelike in both directions as shown in Figs. 3(c) and 3(f). 

Various shapes of hysteresis loops can be related to vari¬ 
ous film morphologies as follows, For a continuous and 
smooth film, the squarelike hysteresis loop shown in Fig. 
3(c) is consistent with that of the dominant magnetization 
reversal process in the wall displacement and the easy axis is 
oriented in the surface plane. Due to the cubic symmetry 
observed in Fe film, the easy axis can also be oriented along 
the surface normal. Therefore, the polar hysteresis loop is 
also squarelike. See Fig. 3(f). 

The stripelike shape of the hysteresis loops shown in 
Figs. 3(a) and 3(d) is consistent with the loop shape mea¬ 
sured from single domains with various shapes and sizes. 
FMe that from the IX1 LEED pattern we learn that each Fe 
island has an epitaxial relation with respect to the Au(001) 
substrate, i.e., bulk bcc Fe lattice rotates 45° with respect to 
the fee Au lattice. This rotation minimizes the lattice mis¬ 
match to less than 0.5%. The magnetization process involves 
rotation of spins in each single domain which requires larger 
applied field to reverse the spins and saturate the domains as 
compared with just domain wall movement. Each isolated 
ferromagnetic Fe island on the Au substrate may have its 
own demagnetization factor. The demagnetization factor de¬ 
pends on the structural shape and size of the Fe island. From 
the profile measurement we know the 3D film has a distri¬ 
bution of island size and height, therefore the demagnetizing 
field which is opposite to the applied field has various mag¬ 
nitude. When an external magnetic field is applied on the 
positive direction in either longitudinal or polar configura¬ 
tion, the domains magnetized in the opposite direction will 
be eliminated first. A further increase of the external field 
would rotate all domains into a saturation state at various 
external field strength. 

The distinct shapes of hysteresis loops shown in Figs. 
3(b) and 3(e) obtained in longitudinal and polar configura¬ 
tions result from a nearly in-plane magnetic anisotropy. The 
magnetic remanence is nearly the same as the saturation 
magnetization in the longitudinal direction which indicates 
that the easy axis is in the surface plane. In a polar configu¬ 
ration, the external field is perpendicular to the in-plane easy 
axis, which often leads to nearly linear hysteresis loop. How¬ 
ever, for the 3D/2D film [Fig. 2(b)], there exist some isolated 
Fe islands which behave like the case of 3D islands sketched 
in Fig. 2(a) and contribute to the stripelike, or less linear loop 


shape. The conclusion of in-plane easy axis from our data is 
consistent with results from other experimental studies, 3,4 al¬ 
though the details of film morphologies were not presented. 

Our result of anisotropy is not inconsistent with the pre¬ 
diction of perpendicular magnetic anisotropy for a free 
standing Fe ML. 11 At 1 ML, the easy axis is perpendicular to 
the surface. With increasing coverage (e.g., 2 ML), however, 
the demagnetization field tends to bring the easy axis to the 
surface plane. As a result, the hysteresis behavior in both 
polar and longitudinal configurations is similar to that ob¬ 
served in 2D flat films. That the easy axis is along the surface 
plane is also consistent with the smaller value of coercive 
field measured in the longitudinal direction compared with 
that in the polar direction. For 3D island films, the local 
variation of the demagnetization complicates the hysteresis 
behavior. 

IV. CONCLUSIONS 

Our study of both film morphology and hysteresis loop 
indicates that the shape of a loop is closely related to the 
roughness of a film. For a smooth film, one is most likely to 
observe squarelike loops [Figs. 3(c) and 3(f)]. For an isolated 
3D islands film, one is likely to observe stripelike loops 
[Figs. 3(a) and 3(d)]. For films with continuous islands, the 
loops in the longitudinal configuration are squarelike. How¬ 
ever, the loops in the polar configuration remain stripelike. 
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Fluctuation effects in ultrathin films 

S. T. Chui 

Bartol Research Institute, University of Delaware, Newark, Delaware 19716 

We discuss finite temperature fluctuation of the domain walls and the magnetization M in ultrathin 
magnetic films where spins interact with short range exchange ( J ), anisotropy ( K ), and long range 
dipolar ( g ) couplings. Phase boundaries for a triangular lattice are obtained from Monte Carlo 
simulations as a function of J, g, and K. The transition temperature for the disappearance of the z 
magnetization as a function of the effective anisotropy field tf-g/0.1208 is essentially unchanged 
as g becomes zero. This suggests a new physical picture that the change in the direction of M is 
closely connected with the Ising transition for g =0. Mean field calculation suggests three transitions 
where only M z is finite at low temperature. As the temperature is increased (1) M x becomes 
nonzero, (2) M z becomes zero and eventually, (3) M x becomes zero. To investigate fluctuation of 
domain walls their elastic energy are calculated. For Bloch walls perpendicular to the x axis 
separating spins along the z axis this energy is negative for a small enough wave vector. The 
competition of the stabilizing long range dipolar interaction and low dimensional fluctuation 
suggests the possibility of a finite temperature roughening of an array of one-dimensional Neel walls 
in the film. 


I. MAGNETIZATION 

In the ultrathin magnetic films, new physics occurs be¬ 
cause of the competition between the stabilizing long range 
dipolar interaction and the low dimensionality fluctuation 
effects. 1 An example of this competition is provided for by 
the question of the existence of long range order. For two- 
dimensional (2D) systems, the fluctuation of the magnetiza¬ 
tion is of the order of fd 2 qkT/a ) q . When the spins interact 
only with nearest neighbor exchange, a> q <xq 2 ; the fluctuation 
is infinite and there is no long range order. 1 When the long 
range dipolar interaction is included, (o q <*q for some spin 
arrangements. The fluctuation becomes finite and long range 
order is restored. 2,3 

The interaction energy between the spins is #=0.5 
2 IJ - xy , M >V, l (R-R')S l (R)S j (R') where F=V d +F e +V a 
is the sum of the dipolar energy 
v dij(R)~8( S i) /R 3 ~3R,R j /R s y, the exchange energy 
V e - -J8(R -R' + d)6 ij ; and the anisotropy energy 
V a =-2KS(R=R')S IZ S ]Z . Here d denotes the nearest 
neighbors. For the experimental systems, J is much larger 
than g and K. However, without g and K there is no long- 
range order at any finite temperatures. We have studied the 
phase diagram (Fig. 1) as a function of the parameters J, K, 
and g for a triangular lattice with Monte Carlo simulations 
on a 60x60 lattice for 1.6X10 9 MC steps. The transition 
temperature is determined from the peak position of the mag¬ 
netic susceptibility with a histogram technique. 4 We found 
that for small K-g, the transition temperature for the van¬ 
ishing of M z can be well approximated by JIT C =A + B ln(A/ 
J) for constants A and B. Here A is the effective spin-wave 
gap energy given by A=tf-g/0.12. In the absence of the 
dipolar interaction (g=0), the magnetization disappears in 
the high temperature phase above T c . T c =0 for #=0 be¬ 
cause of two-dimensional fluctuations. For g#0, there is an 
intermediate phase where the magnetization changes from 
perpendicular to in-plane above T c , as is first observed 
experimentally. 5 ' 8 The constants A and B are unchanged to 


within the accuracy of the present calculation («2%) as g 
becomes nonzero. This suggests a new physical picture, dif¬ 
ferent from that of previous considerations, 9-11 that the driv¬ 
ing force behind the change in the direction of the magneti¬ 
zation is the same as that causing the Ising transition for g=0 
when the z magnetization disappears at a high enough tem¬ 
perature. After the z magnetization vanishes, the in-plane 
magnetization can still be stable in two-dimensional (2D) 
over a temperature range if the dipolar coupling is finite be¬ 
cause of its long range nature. The temperature at which the 
x magnetization disappears depends mostly on only g and 
very little on K. 

Allenspach and Bishof* observed that there are regions 
in temperature so that the in plane and the z-axis magnetiza¬ 
tion are both nonzero. We think that there are actually two 


2 . , T i—i—|— i—i—i— | i i j - T --r- , i { i i r r | i t~ r~ t~ 


M along z 


M along xy 


ls<ng limit 


-3 5 3 -2 5 -2 

logilK g/0 12083|/JJ 


-1 5 •\ 


FIG. 1. Inverse transition temperatures for g=0A2 and different values of 
K. The different phases are as labelled. Lines are drawn connecting the 
points to guide the eye. The dotted line on the lower left corner is the 
theoretical results of Pescia and Prokrovsky; the horizontal line at the bot¬ 
tom is the asymptotic limit corresponding to the transition of ihe 2D trian¬ 
gular lattice. 
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transitions around T c ; one associated with the onset of the 
in-plane magnetization and the other one associated with the 
disappearance of the z-axis magnetization. The occurrence of 
a finite in plane magnetization depends on two issues. That 
the magnetization is not completely aligned along the z axis 
and that the fluctuation in the azimuthal direction is not in¬ 
finite. These two transitions can be understood in more detail 
from a mean-field argument. Specifically, we assume the 
presence of two order parameters M x and M z and ask if these 
magnetizations can be self-consistently sustained. We get 

M x = J' dM 1-p 2 ) 05 exp (-f3E z )h(/3E x )/Z'-, 

M z=j dp p exp(-pE z )I 0 (l3E x )IZ'; 

Z' = J dp exp{-(3E Z )1 0 ((3E X ), 

E z = -Kp 2 ~6JpM z ~gpM z l0.15gi, 

E x =(l-p 2 ) os (6J+0.5gc)M x , 

/3=llkT. When M. is large, the spins are favored to align 
along the z axis with p close to 1. A solution for M x does not 
exist. When M. is small but not zero, a solution for M x is 
possible. The requirement that M z be small restricts this on¬ 
set of in-plane magnetization to close to T c . In the limit of 
small M x , the equation for M z is similar to that in the 2D 
Ising model. Linearizing the equation for M x we obtain the 
transition temperature T 2 for its onset as 

r 2 =(67+0.5gc) J dp exp(-/3£ z )(l -/z 2 )/2Z", 

where Z" = fdp exp(- /3E Z ). A solution is possible even 
when M t is nonzero. This implies that the onset of in-plane 
magnetization is distinct from the disappearance of the z axis 
magnetization. Detail numerical solutions of the mean field 
equations confirm the above argument. 

Pescia and Pokrovsky 9 (PP) proposed that the spin- 
rotation transition temperature is given by 
T c =lC\K-glg l )l2'nJ/ln(3J/K). Their magnitude and 
functional dependence are very different from the Monte 
Carlo results. While no details of their calculation is avail¬ 
able, we think the difference between their calculation and 
the present picture come from different assumptions of the 
fixed point Hamiltonian. More precisely, one can write the 
Hamiltonian in increasing power of q as 

/f=S 9 -A|S z ( 9 )| 2 +S M=x ,/ l9 2 |S,| 2 +J 29 |5 z ( 9 )| 2 

(Refs. 12 and 13) and follow the standard procedure 14,15 to 
derive renormalization group equations for the couplings A, 
J, to first order in A/7,, / 2 3 /J j. The bare dipolar coupling 
contributes to the initial values of A, 7^ and 7 2 , which pos¬ 
sess different scaling trajectories («=3): 

</A/rf/=[2— (/i- 1)(7V27 t7j)]A, 

77 ,/<//= - ( k - 2) 772 ir -17 2 /( 3 2 tt7 j ), 


dJ 2 ldl =[1 - (n -l)r/7i2Tr]7 2 /r, 

dJ 3 /dl =[ 1 - ( n- 1) J/7 j 2 Tr]7 3 /r. 

Thus it is not possible to have a single scaling equation for 
the dipolar coupling constant, as PP has assumed. Also, the 
functional form for the scaling equation for A does not de¬ 
pend on its initial value and thus, to first order in the small 
parameters g/J and K/J, remain the same whether the dipo¬ 
lar interaction is present or not; different from the conclu¬ 
sions of PP. 

II. DOMAIN WALLS 

Low-dimensional finite temperature fluctuation also af¬ 
fects domain walls. These effects are important in under¬ 
standing domain formation, hysteresis and relaxation phe¬ 
nomena in the films. Whereas in three dimensional 
situations, domain walls are flat, recent experimental 
results 16-18 indicate that walls in ultra-thin films are not flat. 

A magnetic domain wall is an interface between a 
spin-up region and a spin-down region. The statistical me¬ 
chanics of interfaces have been actively studied over the last 
ten years. The movement of an interface usually proceeds not 
with the whole interface marching forward in unison but 
with part of the interface moving forward once at a time. 
This involves distorting the interface and thus the elastic 
energy and the roughness of the interface is an important 
consideration. The mobility of the interface in the presence 
of external pinning potentials is often discussed in terms of a 
roughening transition where the interfaces become rough and 
mobile if the temperature is higher than the roughening tem¬ 
perature. 2D interface in 3D systems roughens at a finite 
temperature. 19 ID interfaces in 2D systems are always rough 
at any finite temperature. After the interface roughens, the 
free energy of steps becomes zero; the interface becomes 
mobile and the nature of the growth of domains becomes 
different. These studies assume that the interaction potential 
is short ranged. 

The finite temperature statistical mechanics and dynam¬ 
ics of domain walls are often discussed in terms of a phe¬ 
nomenological model consisting of the elastic energy E e to 
deform the wall and a pinning potential E p that is due to the 
intrinsic periodic structure of the crystal lattice. For a defor¬ 
mation of wave vector q described by the displacement Sr q , 
the elastic energy is often assumed to be proportional to the 
strain squared, i.e., E e =A2, q q 2 \8r q \ 2 . For magnetic domain 
wails in bulk materials, the physics is different. A Neel wall 
of width w located at position c is characterized by specify¬ 
ing the spin orientations at position r by the angles 6= ir/2, 
<P=tt tanh[(x-c)/w]/2. The elastic energy is given by the 
domain wall energy change as c is changed by 
Sc=c Q [cos(k.r)]. In calculating this change, one ends up 
with the derivative of <f>, which behaves like a S function in 
the limit that the wave vector is less than the inverse domain 
wall width. We get E e = 0 .52' RR ,V yy (R - R')Sl(Sc 
- Sc') 2 . The prime on the summation indicates that we sum 
over those R,R' only at the 7-1 dimensional undistorted 
wall position. V is proportional to the 2nd derivative of the 
1/r Coulomb potential and is identical in form to the dynami- 
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cal matrix of the Wigner crystal in two dimensions, the Fou¬ 
rier transform of which can be summed with the Ewald sum 
technique. 20 

In the long wavelength limit the elastic energy is not 
proportional to q 2 but, because of the long range nature of 
the dipolar forces, is instead proportional to \q\ in 3D. In 2D, 
for magnetization in the plane, it is proportional to q ln(<?) 
for a single ID wall and to qld for arrays of ID domain 
walls separated by distances d. Bloch walls perpendicular to 
the x axis separating domains with spins along the z axis are 
unstable against distortion in the long wavelength limit. 

Because of the different elastic behavior a 2D magnetic 
domain wall in 3D bulk systems is never rough at any tem¬ 
perature. On the other hand, in 2D films, a single wall in an 
n -layer system roughens at any finite temperature even when 
the dipolar interaction is included. For spins oriented along 
the y-axis separated by an array of Neels walls running per¬ 
pendicular to the x axis a distance d apart, the problem can 
be related to the Knodo problem 21,22 via a Coulomb gas 
mapping. 19 The walls are flat for length scales less than d. 
There exist a temperature T R above which the walls become 
rough. T R * a H>'n 2 g 2 p\n 2 ald as the pinning strength ap¬ 
proaches zero. 

In conclusion, we presented in this article Monte Carlo 
results for the phase boundaries for ultrathin films as a func¬ 
tion of the dipolar, z-axis anisotropy and exchange interac¬ 
tions. Our result suggests a new way of looking at the tran¬ 
sition when the spins rotate into the plane. Renormalization 
group and mean field scenarios are discussed. We propose 
that there are three transitions associated with the disappear¬ 
ance of M z and the onset and disappearance of M x . We 
investigated finite temperature fluctuation of magnetic do¬ 
main walls. For Bloch walls perpendicular to the x axis sepa¬ 
rating spins along the z axis this energy is negative for a 


small enough wave vector. The competition of the stabilizing 
long range dipolar interaction and low dimensional fluctua¬ 
tion suggests the possibility of a finite temperature roughen¬ 
ing of an array of one dimensional Neel walls in the film. 

This work is supported by the Office of Naval Research 
under Contract No. N00014-94-1-0213. 
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Magnetic studies of fee Co films grown on diamond (abstract) 

J. A. Wolf, a) J. J. Krebs, Y. U. Idzerda, and G. A. Prinz 
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We report the first growth and characterization of fee Co epitaxial films (t= 10-130 nm) on 
diamond. Growth was carried out under UHV conditions in a commercial MBE machine and 
monitored during growth using RHEED which showed single crystal growth oriented with 
(100)cJ|(100) c . X-ray diffraction studies of the 130 nm sample demonstrated the single crystal fee 
growth throughout the entire sample. Separate studies to determine growth mode and structure were 
carried out using angle-resolved Auger forward scattering. Vibrating sample and SQUID 
magnetometry yields a magnetic moment of (1.05 ±0.1) 10 3 emu/cm 3 . Ferromagnetic resonance 
measurements carried out at 35 GHz yield a large cubic anisotropy K 1 /M s =(480±30)0e and 
linewidth of only AH =100 Oe. Spin waves were observed in the thicker samples and the exchange 
constant determined to be A Co =1.09X10" 6 erg/cm. This work has been supported by the Office of 
Naval Research. 
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A Monte Carlo study of the temperature dependence of magnetic order 
on ferromagnetic and antiferromagnetic surfaces: implications 
for spin-polarized photoelectron diffraction (abstract) 
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We have used Ising-model Monte Carlo calculations to study the magnetic order near cubic 
ferromagnetic and antiferromagnetic surfaces. The antiferromagnets were studied with and without 
frustrated next-nearest-neighbor interactions. Intralayer and interlayer spin-spin correlation 
functions have been calculated as a function of the relative coupling strength in the surface layer. If 
this coupling strength is more than a few times the bulk value, a distinct surface phase transition is 
observed at temperatures T Csurf or r Nsuif that can be significantly above the corresponding bulk 
values, Tcbuu or r Nbu!k . These calculations suggest that previous spin-polarized photoelectron 
diffraction measurements on antiferromagnetic KMnF 3 (110)' and MnO(OOl) 2 could in fact have 
been observing such surface transitions at r N surf values of 2.7 and 4.5 times r Nbll | k , respectively. 
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Magnetic circular dichroism (MCD) studies at K and L edges using hard and soft x rays are 
presented. The relation of this universal phenomenon in the x-ray absorption near-edge structure 
(XANES) and extended x-ray absorption fine structure (EXAFS) regions to local magnetic 
structures in the case of 2>d and 4/ elements is illustrated. The validity of atomic and band-structure 
pictures to describe the MCD in the XANES range are outlined and the applicability of sum rules 
and two-step vector coupling models to deduce spin and orbital moments of the absorbing atom as 
well as spin-density profiles from the experimental data are critically discussed. The correlation of 
the dichroic contribution in the EXAFS to the magnetic moments and spin densities of the 
neighboring atoms are addressed by systematic studies which provide new insights into the 
exchange phenomena of the interaction of spin-polarized electrons with ferromagnetic media. The 
potential but also the limitations of this new spectroscopy is demonstrated. 


I. INTRODUCTION 

X-ray circular magnetic dichroism (X-MCD) in core-to- 
valence transitions is a new powerful method to study in an 
element- and symmetry-selective manner the magnetic as¬ 
pects of local electronic structures in magnetic media. The 
possibility of extracting local spin and orbital moments using 
“sum rules” deduced on the basis of an atomic approach 1,2 
or in the local spin-density (LSD) formalism 3,4 by a compari¬ 
son of the magnetic L 2 - and I 3 -dichroic spectra is one of the 
dominant subjects of interest. To date a correct interpretation 
of experimental spectra seems to be restricted to cases with 
either a localized character of the involved final states as, 
e.g., 3d-4f transitions in rare earth (RE) systems, 5,6 where 
an atomic picture 7 is adequate or to those with a delocalized 
behavior as, e.g., ls-4p transitions in 3 d elements and 2s- 
6 p transitions in 4f/5d systems 8,9 and 2p-5d transitions in 
5 d elements, 3 where the band-structure approach has been 
adopted successfully. 10 For intermediate cases, however, as 
the i 2 .3 edges in transition elements 5,11 and in REs, 9,12 a 
closed theoretical description is still a problem. 

Although the occurrence of a dichroic contribution to the 
extended (EXAFS) [spin-polarized EXAFS (SPEXAFS)] has 
been proven to be a universal phenomenon, 4,13 theoretical 
calculations of the experimental spectra are not available but 
are on the way. 14 However, as demonstrated in the second 
part of this article, the systematics observed in several sys¬ 
tems show that on the basis of simple two-step models inter¬ 
esting correlations of the SPEXAFS to the local magnetic 


short-range order can be found, which demonstrate the po¬ 
tential of this method to study magnetic structures on an 
atomic scale. 

II. NEAR-EDGE MCD 
A. Theoretical models 

Large MCD effects (in some cases more than 20%) are 
found in the near-edge region within 20 eV above an absorp¬ 
tion threshold. In this energy range the absorption cross sec¬ 
tion can be described by Fermi’s golden rule. 15 In the case of 
bandlike final states, the single-particle density-of-states 
model describes the experimental spectra successfully. The 
energy dependence of the absorption cross section is given 
by the density profile of the final states with selected sym¬ 
metry determined by dipole-selection rules times a nearly 
energy-independent matrix element. If the final states are 
well localized, two-particle interactions have to be included. 
These can be calculated explicitly using atomic multiplet 16 
approaches. Here it is also possible to include solid state 
effects by adding crystal field terms to the Hamiltonian and 
hybridization of ligand character by an admixture of extra- 
atomic configurations such as in charge-transfer states. 

In both cases, polarization effects and exchange split¬ 
tings can be taken into account. Using fully relativistic spin- 
polarized Korringa-Kohn-Rostoker (KKR)-GF and linear 
muffin-tin orbital 10 band-structure approaches or spin- 
polarized versions of the linear augmented plane wave 
(LAPW) method, 7 the MCD L spectra of various heavier 
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transition metals such as magnetic 5 d elements and Gd- 
metal have been successfully described in the single-particle 
picture, while on the other hand the experimental M 45 -MCD 
spectra in RE systems are excellently reproduced by atomic 
calculations. 6 

On the'basis of the atomic description sum rules have 
been developed recently, 1,2 which relate the difference and 
the sum of the dichroic signals (pr) for reversed photon 
polarization p, c : = (p, + - p~)l 2 for the two spin-orbit initial 
states directly to the local spin and orbital moments of the 
partially filled final valence shell. 

Based on a simple vector-coupling version of the band- 
structure approach, a similar relation between the normalized 
MCD spectra p, c /p 0 at the L 2 and £ 3 edges times the unoc¬ 
cupied final state density and the local magnetic moments 
can be deduced. 4,9 Based on the Fano effect 8 the sensitivity 
of the dichroic signal to the spin and orbital moment origi¬ 
nates from finite spin (a z ) and orbital polarization (l z ) of the 
outgoing photoelectron in the propagation direction z of the 
circularly polarized photon. The photoelectron emitted from 
an unpolarized core state is thus considered as a polarized 
probe for the spin and orbital moment of the final states. The 
polarization values for a free electron wave are (l z )= + 3/4 
in an initial p state and {(t z ) = - 1/2 and +1/4 for the cor¬ 
responding Px /2 and p 3/ 2 spin-orbit partners. 

In a simple spin-polarized version of Fermi’s golden rule 
for pure spin-ferromagnetic systems, 8,9 the MCD signal is 
directly correlated to the spin density Ap=p + -p“ of the 
final state by [/r c //r 0 ](£) = (o- z )[Ap/p](£), which corre¬ 
sponds to /z c (£)~-Ap(£) at the£ 2 and p. c (£)~ + Ap(£) 
at the I 3 edges for p, 0 (L 3 )=2p 0 (L 2 ). 9 

Within the vector-coupling model the relation between 
the normalized MCD spectra p c /p 0 and the spin and orbital 
moments is deduced to 

( 1 ) 

{IXXL,(£) + 2|X /p 0 ] L2 (E)}p(E)dE. 

( 2 ) 

Under the condition p. 0 (£ 3 ) = 2 p. 0 (L 2 ) Eqs. (1) and (2) 
are equivalent to the sum rules, which are more appropriate 
in case of (nearly) isolated absorption profiles (white lines 
=WL) as, e.g., the M 4i5 edges in RE, while Eqs. (1) and (2) 
can be more easily applied in the case of more steplike ab¬ 
sorption edges, e.g., the £ 2 ,3 edges in heavier elements, with¬ 
out or with weakly indicated WL structure as in some RE 
and Pt and Au systems. 

For K edges ( l z ) amounts -1 and (cr z ) has the very 
small value of ~10' 2 . Thus only weak MCD effects of less 
than 1% are expected for outer, bandlike final states with 
nearly quenched orbital moments, as, e.g., the (4)p states in 
3d elements or (6 )p in 4f/5d systems and no simple rela¬ 
tion of the MCD profile and the local p moment exists. 

B. Fe-metal layers 

To demonstrate the reliability of the sum rules Eqs. (1) 
and (2), they are applied to £ 2>3 MCD spectra of Fe-metal 



FIG. 1. Experimental absorption and dichroic profiles (a) at the Fe , 
edges of Fe metal layers with thicknesses of 9.25 A (dashed) and 24 A 
(solid) in comparison with theoretical profiles from band-structure calcula¬ 
tions (b). The experimental spectra correspond to raw and unsmoothed data 
with subtracted linear background. 


layers (cf. Fig. 1). The exact thicknesses of the 9.25 A (A) 
and 24 A (B) Fe layers (deposited on 300 A Au on a glass 
substrate and protected by a 30 A A1 coverlayer) and the 
magnetic moments per atom of 2.07(3) p. B for the thin (A) 
and 2.14(3) p, B for the thicker sample (B) were determined 
via XFA and super conducting quantum interference device 
(SQUID) measurements, respectively. 20 The p c profiles are 
shown in Fig. 1(a) in addition to the spin-averaged p^ profile 
for the 9.25 A (dashed line) and the 24 A Fe layers (solid 
line). Corresponding theoretical spectra from fully relativis¬ 
tic spin polarized KKR calculation for iron metal are pre¬ 
sented in Fig. 1(b). 10 The experimental data measured by 
total-yield detection in an applied external field of 0.2 T were 
taken at the DRAGON beamline (NSLS). 

Figure 1(a) shows, that the dichroic £ 2 signal is signifi¬ 
cantly reduced relative to the £ 3 signal causing a strong de¬ 
viation from the ratio p c (L 2 )/p, c (L 2 ) = -1 expected for 
pure spin moments. This indicates the existence of an orbital 
moment coupled parallel to the spin moment [Eq. (4)]. Ap¬ 
plying the sum rules one deduces a spin and orbital moment 
of m s —2.\9p B (2.29p B ) and m L ~0.25p B (0.21 p, B ) for 
samples A (B) taking into account n = 4 holes in the 3d 
level. The errors of these numbers due to the uncertainties of 
estimating the white line areas amounts to 20%. Very similar, 
somewhat smaller values of m s ~2.Q2p, B (?.08p B ) and 
m L ~ 0.20/i B (0.15/i B ) (uncertainty about 5%) are found 
by applying Eqs. (3) and (4) using theoretical density of 
states profiles with an integrated value of /p(£) = 3.1. 
These results are in excellent agreement with the results of 
the macroscopic measurements and confirm the expected in¬ 
crease of m L with decreasing layer thickness. 

Only the absolute values of m L are larger than expected 
from theory and other measurements. 21 The spin polarized 
KKR calculation of the p$ and p c spectra seems to underes¬ 
timate the values of p c and p^ at the L 2 edges, which could 
be an indication for the breakdown of the single-particle ap¬ 
proach, as has been found for the £ 2 3 MCD in the lighter 3d 
transition metals. 
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FIG. 2. Top: experimental dichroic absorption of Cr0 2 at the i 3 and L 2 
edges of chromium, measured at the SX700/3 (BESSY) (O) and DRAGON 
bcamlines (NSLS) (+) with energy resolutions of about 900 and 500 meV, 
respectively. From the raw data only a constant offset has been subtracted. 
Bottom: theoretical dichroic absorption at the I 3 and L 2 edge of Cr0 2 , 
given by LMTO calculation (—) and the spin density of the 3 d band above 
the Fermi level, given by LAPW band-structure calculations. The£ 2 edge is 
rescaled by (-1) due to the negative photoelectron polarization. The vertical 
lines (-•-) mark the energy of the i 2 and I 3 edges, which are identical to the 
Fermi levels of the plotted spin densities. 


FIG. 3. (a) Experimental i 2 (dashed) and /, 3 (solid) absorption (/*,,) (top) 
and corresponding dichroic profiles (p, c ) (bottom) of Gd-metal in compari¬ 
son with theoretical unpolarized (dash-dotted) (top) andZ, 2 (dash-dotted), i 3 
(dots) polarized profiles (bottom). The first inflection point of the absorption 
onset is chosen as the origin of the energy scale. The experimental absorp¬ 
tion step is fitted by an arctan function (width 4 cV). (b) Theoretical total d 
spin-density profiles (p-p + +p~) (top) and corresponding difference (b) 
(A p=p + -p ) broadened by core hole lifetime and experimental resolution 
and rescaled by -0.5 and +.25 at the L 2 3 edges, respectively. The dash- 
dotted line represents the theoretical MCD profile. 


C. Cr L 2 ,3 MCD spectra 

Going to lower Z within the 3d series due to the de¬ 
crease of the 2 p spin-orbit splitting below 10 eV it is diffi¬ 
cult to separate the corresponding L 2 and L 3 parts in the 
spectra as seen in case of the Cr MCD in the half-metallic 
ferromagnet Cr0 2 presented in Fig. 2. The dichroic profile is 
much more complex than in the heavier transition metals and 
even changes sign within the I 3 contribution. A comparison 
with the calculation of the dichroic effects for transition 
metal ions in the atomic approach 22 suggests that these mod¬ 
els are more appropriate to reproduce the experimental find¬ 
ings and thus we have used a ligand field multiplet model 
(LFM), which includes the influence of the cubic crystal field 
on the local wave functions. 23 Setting the spin-orbit splitting 
to zero gives a reasonably good agreement between theory 
indicating the validity of the theoretical concept for the de¬ 
scription of the MCD effects. The vanishing influence of an 
orbital momentum and correlated spin-orbit effects can also 
be verified by the application of the sum rules, which gives 
an upper limit of m L of less than 10~ 2 /z fi . It can also be 
seen from the MCD spectra that it is difficult to deduce the 
corresponding spin moment in case of too close, i.e., not well 
resolved, L 2 3 absorption edges. That the LSD approach and 
the model Eqs. (1) and (2) are based on fails can be demon¬ 
strated by a comparison of the local unoccupied spin density 
of states Ap shifted to the absorption edge with the fi c pro¬ 
file, which show only rather poor similarities. 

D. 1 - 2,3 MCD in Gd-metal and Eu 3 Fe 5 0 12 

Dichroic Z, 2>3 effects of several percent in REs have been 
found in all systems investigated up to now. Theoretical de¬ 
scriptions, however, have concentrated on Gd, as the fully 


relativistic band-structure approach by Ebert 10 and the calcu¬ 
lations carried out by Carra et a/. 17 which were also extrapo¬ 
lated to heavier RE metals. 

However the description of the REs with nonzero 4/ 
angular momentum is still an open problem. In particular the 
structures at the L 3 edges at negative energies, characteristic 
for all systems except Gd, have been proven to exhibit an 
atomic character. 24 

Although the ratios of the normalized Gd L 213 MCD 
profiles (both peak values and integrated areas) as seen in 
Fig. 3 are close to -2, i.e., the ratio of the spin-polarization 
factors, applying the sum rules Eqs. (1) and (2) leads to a 
spin moment of -0.24 fi B having the opposite sign com¬ 
pared to the theoretical calculations, which predict 
fi s = +0.47/tt 5 for the spin and fi L = -0.04fi B for the or¬ 
bital d moment. 25 The sum rules yield for the orbital moment 
a value of -0.004/z B which is a factor of 10 too small 
compared with the theoretical prediction. Similar results are 
obtained even in the naive vector-coupling model 
{/i s - -0.19/ig and fi L = -0.002p. B ). 

A direct comparison of the unbroadened theoretical Gd 
MCD profiles with unbroadened spin densities (Fig. 4) ex¬ 
plains the breakdown of the validity of the basic assumptions 
Eqs. (1)—(2) are based on. Though the fine structures of the 
profiles coincide roughly, indicating a direct correlation be¬ 
tween ti c /n 0 and Ap/p, the value of (cr z ) obviously becomes 
strongly energy dependent, amounting, e.g., to a value twice 
as high at the Fermi energy. Hence the small positive spin 
density leads to a strong line in the i 2>3 MCD spectrum at 
E F and a negative spin moment. 

The physical origin is a strong energy and spin depen¬ 
dence of the matrix element, since close $0 £ r the overlap of 
initial and final spin-up wave functions is much larger for the 
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FIG. 4. Unbroadened theoretical A pip profiles (dashed) and unbroadened 
theoretical fi c /n 0 profiles (solid) at the L 2 (left) and L 3 (right) edges in 
Gd-metal. The ratio (A p/p)/(/j.Jn 0 ) is not constant with energy. 


corresponding states of minority character, a fact, which has 
to tr, neglected in the models. But the MCD calculations 
(shown in Fig. 3) using the single particle band-structure 
approach reproduces this behavior exactly. 

Applying the sum rules in the case of Eu i 2>3 MCD 
spectra (Fig. 5) in Eu 3 Fe 5 0 12 yields a spin moment of 
-0.03 fi B and an orbital moment of +0.005/r s . The mo¬ 
ments obtained in the naive vector-coupling model amount to 
-0.03 fi B for the spin and + 0.007/u. fl for the orbital con¬ 
tribution. However, similar to Gd, these values lead to the 
wrong sign for the spin, which can again be drawn back to 
matrix-element effects. On the other hand, the expected op¬ 
posite signs of Hi and hs > induced in the 5 d state by the 
intra-atomic 4f-5d coupling in lighter REs, seems to be di¬ 
rectly manifes :d in the collapse of the i 3 MCD to the credit 
of a strong L 2 dichroic signal. 

III. MAGNETIC EXAFS 
A. Theoretical aspects 

A phenomenological description of the measured effects 
is presented based on the simple vector-coupling “two-step” 
model, which has successfully been used to describe the 
near-edge MCD in the “spin-only” limit. In the first step, we 
assume that a free electron wave is going out with a spin 



FIG. 5. (a) Experimental L 2 (a), L } (b) absorption (/tq) (top) and dichroic 
profiles (p, c ) (bottom) of Eu in Eu 3 Fe 5 0i2. The absorption step is fitted by 
an arctan function (width 4 eV). 


projection (ar z ) in photon-beam direction. If the magnetic 
moment of the neighboring atom, i.e., the spin of its majori¬ 
tylike electrons, is also polarized in z direction, an exchange 
contribution to the Coulomb scattering potential is present in 
the scattering processes of the outgoing photoelectron. This 
should result in a magnetic contribution to the backscattering 
amplitude, which changes its sign with reversing the relative 
orientation of the photoelectron spins and the spins of the 
magnetic neighbors in the absorption process. In the conven¬ 
tional EXAFS formula the effect of exchange interaction in 
the scattering process is described by an additive exchange 
contribution (with index c) to the Coulomb-interaction pa¬ 
rameters, i.e., the backscattering amplitude F=F 0 ±F C , the 
phase shift <f>= <f> 0 ±<f> c and the mean free path \ = \ 0 ±\ c . 
The strengths of the exchange contribution are within this 
simple model expected to scale directly with the spin- 
polarization parameter, i.e., ( cr 2 )~F c , d> c ,h c . 

Thus the conventional EXAFS (y 0 ) 41 as function of the 
photoelectron de-Broglie wave-number k, which are de¬ 
scribed by a summation over the coordination shells located 
at distances r ; with Nj neighboring atoms and including the 
Debye-Waller factor Dj and “shake-off/on” processes at the 
central atom i (S,), is transferred into a spin-polarized ex¬ 
pression x c =x + -;T by 


Xc{k) = ^N,S t {k)D,{k) 
) 


e 2r i ^i° 


kr: 


F ]C sin(2£r ; 


+ V.jo) + <P,j C Fjo cos(2 kr t + <p l)0 ) 

+ ^p 1 F jo sin(2kr j + ( p IJO ) ) j. (5) 


B. Experimental results 
1. L 2 , 3 SPEXAFS 

SPEXAFS studies in the hard x-ray range have been 
performed in the transmission mode at HASYLAB (Ham¬ 
burg) in various magnetic systems at the L edges in REs and 
5 d elements and at the K edges of 3d systems. 4 

For an analysis of the EXAFS and accordingly of the 
SPEXAFS to deduce structural information as, e.g., the dis¬ 
tances r s of next atoms and the coordination numbers Nj a 
sufficiently extended range of the Xo/c spectra is Fourier 
transformed. Thus, this method is often not well practicable 
for energetically close following Z. 2>3 edges in 3d elements. 
This holds especially for the SPEXAFS analysis, since ac¬ 
cording to the simple picture the magnetic oscillation at the 
L 2 and L 3 edges should show identical structures but with 
opposite sign, which is found in all systems studied up to 
now as demonstrated in Fig. 6 at the Eu I 2 3 edges in the 
ferromagnetic Eu iron garnet (Eu 3 Fe 5 0 12 ). 

If one takes into account a ratio of the amplitudes of -2, 
the Xc profiles at the L 2 and I 3 edges are identical. The 
corresponding near-edges MCD signals (Fig. 5), behave 
completely different due to their dependence on the orbital 
moment. This proves that similar effects of the orbital polar¬ 
izations can be neglected in the SPEXAFS interpretation. 
Only an additional contribution due to the small near-edge 
MCD at the iron K edge causes some deviation at the L } 
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FIG. 6. Top: the absorption of EujFe 5 0 12 between 6700 and 7680 eV (left) 
and between 7480 and 8120 eV (right), displaying the Fe K and the Eu i 3 , 
L 2 , and I, edges. Center: the SPEXAFS at the Eu i 3 (left) and L 2 edge 
(right) follow the same profile with a ratio of (-2). Bottom: the Fourier 
transform of the spin-averaged EXAFS (■■•) and SPEXAFS (—) of the Eu 
L } (left) and i 2 edge (right). 


edge (*=6 A -1 ). Since in the simple picture the correspond¬ 
ing X-edge SPEXAFS are more than one order of magnitude 
smaller, they are nearly invisible in the i 3 SPEXAFS. 

The Fourier transform (FT) of the polarization averaged 
EXAFS spectrum f(xo) (dashed line) and the corresponding 
SPEXAFS FT (solid line) f(x c ) are significantly different. 
The FT of the L 3 EXAFS show very broad features due to 
the small transformation range limited by the Fe X edge. The 
prominent maximum in f(x 0 ) resulting from the strong 
backscattering at the next oxygen neighbors has vanished in 
the SPEXAFS to the credit of an increase of the peaks at 
higher r values, which mark the positions of the next and 
over next iron Fe neighbors. They are small or almost invis¬ 
ible in the EXAFS FT. The f(x c ) at the L 2 and I 3 edges are 
very similar demonstrating that the occurrence of the Fe X 
edge does not limit the k range in the magnetic spectra. 

These studies show, that (nearly) nonmagnetic neighbors 
as the oxygen components on magnetic oxides do not con¬ 
tribute to the SPEXAFS and a clear distinction between mag¬ 
netic and nonmagnetic neighborhood is possible. From the 
systematics observed by studies in various systems, 4,13 we 
have observed that the relative strength of the SPEXAFS 
rescaled by the photoelectron spin polarization 

[Xc/XoV(^z) = [f(Xc)/f(Xo)](o r z) = 2A(3)%n s (n B ) 

( 6 ) 

is directly proportional to the magnetic spin moment of the 
neighboring atoms. Thus, we expect, that the SPEXAFS 
spectroscopy gives even quantitatively new element-specific 
insights into the magnetic short-range order. 


2. K-edge SPEXAFS 

The highly precise measurements, which are possible in 
the transmission mode, allow us also to address 3d elements 
by X-edge SPEXAFS studies as demonstrated in case of Co- 
(fcc) and Ni-metal. As shown in Fig. 7, the x c oscillation at 
the K edges follow roughly the Xo structure except an addi¬ 
tional contribution at a k region of 4-5 A -1 . In this range 
multielectron contributions (3p->3d transition) result in an 
additional line in the dichroic K spectra, which decreases 
strongly by going from Fe to Ni. 13 Following Eq. (6), we 
deduce a value of {cr 2 )= + 3.5(5)% for the K SPEXAFS, 
which is somewhat larger than expected from the near-edge 
MCD effects. 

Due to the small value of (a z ) the statistics of the K 
SPEXAFS can be poor. But a more detailed analysis by an 
extraction of the exchange parameter from the experimental 
data allows also in this case a sufficiently quantitative analy¬ 
sis. Hereby the values F , 0 , <t > ljo , and \ j0 are calculated by 
the FEFF code of Rehr 1 " and the D ] and S, values can be 
deduced by fitting the x 0 profiles. The F c profile for Co and 
Ni indicate a significant different k dependence of the mag¬ 
netic and Coulomb backscattering amplitude F 0 , which 
seems to be correlated to the differences of the distribution of 
spin and charge density in the neighboring atom. The ratio of 
the Co and Ni F c amplitudes scale directly with the ratio of 
the magnetic moments per atom. Thus the described analysis 
allows the determination of the average magnetic moment 
carried by a coordination shell with good accuracy even for 
noisy SPEXAFS data. 

The amplitudes of F c correspond to relatively large ex¬ 
change contributions of the elastic scattering cross section of 
more than 20% per magnetic electron. On the other hand the 



FIG. 7. Top: the EXAFS (■■•) and SPEXAFS (—), measured at the Co K 
(left) and Ni K edge (right) of Co fee and Ni fee metal. Center: the calcu¬ 
lated spin-independent (•••) and fitted spin-dependent part (—) of the back- 
scattering amplitude of (he first neighbor of Co fee (left) and Ni fee (right). 
Bottom: the corresponding calculated spin-independent (•••) and fitted spin- 
dependent (—) phase shift. 
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FIG. 8. The calculated spin-independent part F 0 (top) and fitted spin- 
dependent part F ( (bottom) of the backscattering amplitude for Co (■•-•) and 
Cu (—) of a Co(5) Cu(4) multilayer. 

exchange contributions to the phase shift, as seen from Fig. 
7, are much smaller and the spin-dependent mean-free path 
of the order of less than lO -3 is found to be negligible. This 
demonstrates that the SPEXAFS analysis can also provide 
useful new information on the exchange phenomena in the 
interaction of spin-polarized electrons directly inside a solid 
and especially in comparison with corresponding results 
from surface-sensitive electron spectroscopies. 

SPEXAFS studies can be applied even for multilayered 
systems (ML) to get information on the interface structures, 
as shown for Co/Cu systems. Our calculated distribution of 
the magnetic moments of 5Co/4Cu ML (Fig. 9) indicates a 
small Cu polarization corresponding to an average spin and 
orbital moment of «i 5 (Cu)=0.0137/m b and m i = 0.001/x B , 
which agree well to our near-edge MCD studies at the NSLS, 
where we observed for the first time an induced Cu moment 
in this ML of m s (Cu)=0.014/i fl and m L <0.002fi, B . 4 

In MLs with strongly different magnetic moments of 
both components as the Co/Cu systems the average magnetic 
moments of the neighboring Co and Cu atoms depend very 
sensitively on the sharpness of the interface. The ratio be¬ 
tween the Co and Cu SPEXAFS amplitudes resulting from 
the exchange scattering at the first coordination shell should 
be about 7.3 for a sharp interface and reduced to ~ 1.9 for a 
complete intermixing of two adjacent atomic layers. Thus a 
comparison of the strengths of F c deduced from the Co and 
Cu SPEXAFS in the ML (see Fig. 8) gives quantitative in¬ 
formation on the quality of the interface. Their ratio of the 
amplitudes of ~2.0 are significantly smaller than the value 
of 7.3 estimated for an ideal structure and can be explained 
by an intermixing of close to 50% in the first Co and Cu at 
the interface. 
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Discussion of the magnetic dichroism in the x-ray resonance scattering 

Peter Rennert 

Physics Department, Martin-Luther-University, Halle-Wittenberg, D-06099 Halle, Germany 

The cross section for the x-ray resonance scattering is evaluated at the K edge for a transition metal 
like Ni. The Green function is calculated analytically from a model system. The differences in the 
spectra measured with different polarization can be explained from these results. The examples 
show that the shape of magnetic dichroism is very sensitive to the spin polarized p part of the Green 
function. 


I. INTRODUCTION 

The x-ray-resonance scattering or the anomalous scatter¬ 
ing involves the variation of the intensity of a Bragg peak if 
the photon energy crosses an edge. Magnetic dichroism can 
be observed considering magnetic systems and using polar¬ 
ized x-ray sources. Recently magnetic dichroism at the K 
and L edge was analyzed theoretically for ferromagnetic 3 d 
transition metals where the main source of dichroism is the 
spin polarization of the valence electrons. 1 The cross section 

= ro|S(K)| 2 |M(qV;qf)| 2 (1) 

can be calculated by second order perturbation theory. 1 ' 4 
The order of magnitude is given by the square of the classi¬ 
cal electron radius r 0 . 

The matrix element M [Eq. (30) of Ref. 1 with terms 1 to 
VII] depends on the photon wave vectors q, q' and on the 
polarizations e. e' of the incoming and outgoing photon, 
respectively. It contains terms which describe the Thomson 
scattering (I), the magnetic scattering (II), and the resonance 
scattering (III—VII). The terms VI and VII are neglected in 
the following discussion. The resonance terms depend on the 
structure of the unoccupied electron energy bands. It can be 
expressed by the Green function. 

Experimental results for nickel were presented by Nami- 
kawa et al. 5 and Schiitz eta/. 6 Namikawa et al. observed 
magnetic dichroism for the (220) reflex with linear polarized 
light. The polarization was chosen in the scattering plane and 
the magnetization perpendicular to the scattering plane. 
Schiitz et al. observed magnetic dichroism for the (222) re¬ 
flex with circular polarized light. The magnetization was in 
the scattering plane. The results of both experiments differ 
from each other, and it is one aim of the paper to discuss the 
magnetic dichroism for different experimental conditions. 

II. MODEL OF THE BAND STRUCTURE 

In Eq. (30) of Ref. 1 the electron states of the unoccu¬ 
pied part of the electron energy bands are included in the 
Green function. The Green function is expanded into lattice 
harmonics, angular momentum parts in our example. The 
total Green function G = G^ + G^ and the spin polarized part 
Gj=G,-Gj appear separately. Different parts of the Green 
function appear in the expressions III—VII. They are multi¬ 
plied with factors containing the photon wave vectors and 
the polarizations. To discuss the influence of the different 
factors we use a simplified picture of the band structure with 
degenerate parabolic energy bands characterized by the po¬ 
sition of the bottom and the width W lv of the bands for 


the different angular momentum parts ( l=s,p,d ) and spin 
(o-=t,|). These values are taken from the band structure of 
nickel in the numerical discussion of the following chapters. 
In this model the Green function of the unoccupied states can 
be calculated analytically 


g < e >=4 


a 


i -X/r+ — ln ! 


(l-a)(x F +a) \ 
(* F -a)(l + a)/ 


( 2 ) 


with 

x 2 Fla =(E F -El)/W la =nZ 3 /(2l+l), 


al=(E-El)/W la . (3) 

n la is the number of / electrons with spin a. The behavior of 
this function is shown in Figs. 1 and 2 for the p and d part, 
respectively. In our example the unoccupied part of the p } 
band lies in the range from the Fermi energy (£ F =0) up to 
17.4 eV. Thus, in Fig. 1 D t (£) is restricted to this range. The 
real part of the Green function G t has long tails below the 
Fermi energy. It changes the sign within the unoccupied re¬ 
gion. Figure 2 shows the d part of the Green function. In our 
example the top of the majority band lies at 0.11 eV and the 
top of the minority band at 0.43, respectively. The spin den¬ 
sity Im(-G,/7r) is positive in the range from the Fermi 
energy up to the top of the majority d band and then it 



FIG. 1. The p part of the Green function G t multiplied with -1 /tt. 
lm( -G/tt) is the density of states £>(£). The dashed lines indicate the 
Fermi energy (E F = 0) and the top of the p band, respectively 
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becomes negative up to the top of the minority d band. Again 
the real part of the Green function has a long tail below the 
Fermi energy. 

III. LINEAR POLARIZED UGHT 

The polarization is given by 

€ = Uj sin ip+u 2 cos tp e't, (4) 

_ I 


where Uj is chosen to be in the scattering plane (say yz 
plane) and u 2 perpendicular to it. £=0 describes linear polar¬ 
ized light, £=±7 t/ 2 and i(i=ttI4 circular polarized light. At 
first we choose £=0 and tp=ir/2 which corresponds to the 
experimental conditions of Namikawa et al. 5 We consider the 
two opposite (±x) directions of the magnetization and we 
get 


\M + \ 2 -\M~\ 2 =-2 sin(20) 


cos(20)m(K)-cos(20) 


2-7T fto> 


3 W p , ' 


K Re( - - W p] G p {E) 
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me 


~(Zar 2 R 2 [W d] D d (E)] 


d 1 


(5) 


for the difference of the intensities. R and N are radial inte¬ 
grals as listed in Table III of Ref. 1. The leading terms cor¬ 
respond to Eqs. (2) and (4) of Ref. 5. The notation follows 
Ref. 1. 

Values for the charge formfactor n(K) and for the mag¬ 
netic formfactor n s (K) can be taken from Zukowski et al. 1 
They are measured for the Bragg angle 20=90° which cor¬ 
responds to ft w=8.62 keV for the (222) reflex. The K edge 
energy is 8333 eV. We have 20=94° for the (222) reflex and 
20=73° for the (220) reflex. This is an important point, too. 
For the (222) reflex the charge form factor contributes with a 
small weight cos 20=-0.07 whereas for the (220) reflex 
this weight is larger (0.28) and of opposite sign. 

It should be noticed that the terms in Eq. (5) contain the 



-10 12 

Energy (eV) 


FIG. 2. The d part of the total Greet function G and of the spin-polarized 
Green function G, multiplied with -1/tr. The dashed lines indicate the 
Fermi energy (E/.= 0), the top of the majority d band, and the top of the 
minority d band, respectively. 


factor D(E). Therefore the spectrum of Namikawa et al. is 
restricted to the energy region of the unoccupied states. Fur¬ 
thermore there is no contribution to the dichroism from pure 
magnetic scattering. Figure 3 shows the results. The dichro¬ 
ism in the x-ray resonance spectrum is determined by the 
behavior of the p part of the Green function. We find nega¬ 
tive values near the edge and positive values up to the tep of 
the band. The shape of the curve is determined by the shape 
of density of states of the model. The spin polarization of the 
p band determines for the negative values near the edge. As 
known from Compton profiles 8-9 there is a negative spin po- 



FIG. 3. Dichroism A//(/++/_) for the scattering of linear polarized x rays 
near to the K edge. The spectrum is restricted to the energy range of the 
unoccupied part of p band. The numbers indicate the assumed value for the 
contribution of the p electrons to the magnetic moment per atem. The values 
are scaled by a factor 10 4 . 
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larization of the p band in Ni with a contribution of 
^-0.2/ttfl. Figure 3 shows results for different values of the 
spin polarization. If we neglect this spin polarization at all 
then we do not get negative values near the edge. Thus, to 
discuss measured spectra it is important to calculate the spin 
polarization of the p band in detail. 

The calculated values are smaller than the experimental 
one for Ni. 5,6 This is due to the simple model of the band 


structure. In the real band structure of Ni the spin polariza¬ 
tion of the p band is larger near the Fermi energy whereas in 
the model it is uniform over the whole band. 

IV. CIRCULAR POLARIZED LIGHT 

Now we consider the polarization (4) which corresponds 
to the experiment of Schiitz et al. 6 instead of Eq. (5) we get 
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|M + | 2 -|AP| 2 =cos 0 
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which has a quite different structure than Eq. (5). At first we 
find an essential contribution from the magnetic 
scattering—a term proportional to n(K)-n s {K). Furthermore 
the contributions from the resonance scattering contain the 
part of the Green function. As shown in Fig. 1 it has a 
oug tail below the edge. This behavior explains the obser¬ 
vation of Schiitz et al. who found essential contributions be¬ 
low the edge in contrast to Namikawa et al. 

Figure 3 shows the dichroism for our example. The con- 
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FtG. 4. Dichroism A//(/++/_) for the scattering of circular polarized x 
rays near >c he K edge. The contribution of he pure magnetic scattering 
was subtracted. The dashed lines indicate th Fermi erergy (E f =0) and the 
top of the p band, respectively. The values are scaled by a factor 10 4 . 


slant contribution from the pure magnetic scattering was sub¬ 
tracted and only the resonance contribution is shown. In con¬ 
trast to Fig. 4 we find a finite intensity below the Fermi 
energy, thus below the edge. Furthermore the range of nega¬ 
tive values is much broader and the shape is similar to the 
behavior of the real part of the Green function in Fig. 1. 

V. CONCLUSIONS 

We have calculated the magnetic dichroism in the x-ray 
resonance scattering in a model for the band structure, which 
can be evaluated analytically. The formulas and the numeri¬ 
cal evaluation show what features of the band structure de¬ 
termine the characteristic peaks found in the experimental 
spectra. Clearly, the Green function has to be determined by 
a full band structure calculation to get consistence in respect 
to peak position and the order of magnitude with the experi¬ 
mental spectra in detail. Especially measurements with linear 
polarized light seems to more suitable, because the influence 
of the pure magnetic scattering is suppressed. In this case the 
spectrum sensitively depends on the spin-polarized part of 
the Green function. 
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Experimental investigation of dichroism sum rules for V, Cr, Mn, Fe, Co, 
and Ni: Influence of diffuse magnetism 
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Uncertainties in the application of the (L Z )/(S 2 ) sum rule to experimental spectra of V, Cr, Mn, Fe, 

Co, and Ni are discussed. An important contribution to these uncertainties is the possible presence 
of dichroism due to diffuse magnetic moments, which are known to exist in Fe, Co, and Ni. 


X-ray magnetic circular dichroism (XMCD) is the dif¬ 
ference in the absorption cross section for photons with spin 
parallel and antiparallcl to the sample magnetization. The 
L 2> 3 absorption edges of the magnetically interesting 3 d tran¬ 
sition metals have readily measurable dichroism signals, 
making XMCD an excellent technique for the study of mag¬ 
netism in ultrathin films and multilayers. Theoretical under¬ 
standing of XMCD can be traced to work by Erskine and 
Stern 1 who predicted that the XMCD L 3 IL 2 intensity ratio is 
equal to -1 for a simple atomiclike model. Early measure¬ 
ments on Ni bv Chen et al. 2 found values substantially dif¬ 
ferent than -1. Later, Smith et al. 3 showed that agreement 
with experiment could be improved by including the d -band 
spin-orbit interaction in the calculation. More recently, Thole 
et a If' and Carra et al. 5 have derived sum rules which relate 
the ground state expectation values (L z ) and (S z ) to the di¬ 
chroism spectra of atoms. The derivation of these sum rules 
assumes excitations into d levels only and their application 
to solids is still controversial . 6 In this article we examine the 
details of the V, Cr, Mn, Fe, Co, and Ni L 2 3 XMCD spectra. 
We point out a number of trends in the spectra, some of 
which affect the application of the sum rules We also discuss 
dichroism due to diffuse magnetic moments and its effect on 
the application of the dichroism sum rules. 

The experiments were performed on the 10M toroidal 
grating monochromator at the Synchrotron Radiation Center 
of the University of Wisconsin . 7 The samples were magne¬ 
tized in situ by a 2 kG electromagnet. Absorption spectra, 
aifi(i)), were obtained by measuring the total electron yield, 
Y(hw), by monitoring the sample drain current. All XMCD 
measurements were made on the remanent magnetization by 
reversing the 'ample magnetization and using a fixed inci¬ 
dent polarization. We have completed several extensive tests 
of this technique 8 and have identified experimental condi¬ 
tions where the approximation Y(tio))^ho)a(ha)) is valid. 

In Fig. 1 we show the XMCD spectra of V, Cr, Mn, Fe, 
Co, and Ni. Samples a ., were a V-Fe multilayer, a sub¬ 
monolayer film of Cr on Fe, a submonolayer film of Mn on 
Co, and Fe, Co, and Ni thin films grown on Cu(001), respec¬ 
tively. The energy of the maximum L 3 peak intensity in the 
linear absorption spectra is defined as the rero of the energy 
scale. We make the following observations of the results in 
Fig. 1. The separation between the L 3 and L 2 peaks de¬ 


creases in going from Ni to V. For V and Cr the I 3 and L 2 
features are not clearly separated. The i 3 peaks are predomi¬ 
nantly of negative intensity and the L 2 peaks of positive 
intensity. The vanadium L 2 peak is the only exception to this. 
Ni and Co have negative shoulders, B, on the high energy 
side of the I 3 peak. For Ni, the main peak and shoulder are 
due to d 9 and d 8 initial state configurations, respectively . 9 
We propose a similar identification for the shoulder in the Co 
spectra. There is also a nearly constant negative intensity 
feature between the shoulders B and the L 2 peaks in the Ni 
and Co spectra, gray arrows. The Fe I 3 peak is nearly sym¬ 
metrical, having a small positive intensity shoulder. The Mn, 



Li_I_L-..I_ 1 _I_ 1 _I 

0 10 20 30 

Photon Energy (eV) 


FIG. 1. V, Cr, Mn. Fe, Co, and Ni XMCD spectra shown normalized to 
constant L 3 peak height The shoulders labeled B are due to multiple initial 
state configurations. We identify the constant negative intensity features be¬ 
tween B and L 2 in the Ni and Co spectra, gray arrows, as due to diffuse- 
magnetic moments 
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TABLE I. Diffuse moment, /x dl£f , and ratio of diffuse moment to total mo¬ 
ment, (%), for Ni, Co, and Fe determined by calculation, Ref. 13, and 
by neutron diffraction (ND), Ref. 12. Values are given in ju s /atom. 



Ni 


Co 


Fe 



Theory 

ND 

Theory 

ND 

Theory 

ND 

Adiff 

-0.04 

-0.105 

-0.07 

-0.28 

-0.04 

-0.21 

Ad.ffW 

-7% 

-17% 

-4% 

-16% 

-2% 

-10% 


Cr, and VI 3 peaks have more pronounced positive intensity 
shoulders. These shoulders are present in atomic calculations 
for Mn, d s , Cr d 4 , and V d 2 . 10 The asymmetry introduced by 
these shoulders shifts the peak maximum in the I 3 XMCD 
signal to -0.2, -0.6, and -0.8 eV relative to the maximum 
in the linear absorption spectra for Mn, Cr, and V, respec¬ 
tively. 

We now discuss the application of the (L Z )/(S Z ), sum 
rule to our experimental results. From Carra et al., 5 

(L z )_4R m + 1 

(S z ) 3R M -2’ 

whete R M =I(L 3 )/I(L 2 ), the ratio of the integrated dichro- 
ism intensities. The only uncertainties involved in applying 
this sum rule are in the experimental separation of /(I 3 ) and 
I(L 2 ) and in the identification of dichroism intensities due to 
non-3</ orbitals. We immediately see difficulties in applying 
this sum rule to the Cr and V data, since the L 3 and l 2 peaks 
are not clearly separated. In the Ni and Co spectra the con¬ 
stant negative intensity feature between the shoulder B and 
the L 2 peak must be identified. These features are present in 
other published spectra but have not been previously 
interpreted. 2,11 It is important to know whether or not this 
intensity is due to excitations into 3 d orbitals. If it is not, 
then its intensity should not be included in the value for R M . 
If this is the case, accurate models must be used to distin¬ 
guish the non-3<f contributions to the XMCD spectra. 

A possible source of these constant negative intensity 
features is from diffuse magnetic moments. Polarized neu¬ 
tron diffraction studies have shown that diffuse magnetic 
moments are present in Fe, Co, and Ni. 12 This background 
magnetism is assumed to be caused by 4s electrons, whose 
spin is oppositely polarized to the 3d electrons. Recent band 
structure calculations on Fe, Co, and Ni 13 also predict a 
negative diffuse magnetic moment due to the sp-projected 
and interstitial moments. The results from these calculations 
and the neutron scattering experiments are summarized in 
Table I. Since L 2 3 absorption spectra are sensitive to both s- 
and d -electron levels, it is expected that diffuse magnetic 
moments will affect the XMCD spectra. 

To show that the dichroism signal due to diffuse mag¬ 
netic moments is consistent with the experiment we use a 
model similar to that developed by Erskine and Stern. 1 We 
assume that the empty d levels have minority spin character 
(|) and that the diffuse magnetic moment is described by 
empty s levels which have majority spin character (j). This 
simple model predicts an R M of -1 for excitation into both 
ihe 3 d( 0 and s(j) levels. Mete thu, *he sign of the dichroism 
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FIG. 2. Fe, Co, and Ni XMCD spectra from Fig. 1 shown on an expanded 
scale. XMCD signal due to diffuse-magnetic moments in Ni and Co, shaded 
area. 


signal is the same for excitations into these oppositely polar¬ 
ized states. The sign at the i 3 edge for both 3r/Q) and s(|) 
excitations is negative and the sign at the L 2 edge is positive 
for both excitations. Since there is no spin-orbit coupling in 
the s levels we expect R M ~-\ for transitions into s orbitals. 
Based on a comparison of radial matrix elements the diffuse 
XMCD should be small compared to the 3d XMCD. 

In Fig. 2 we show the same Ni, Co, and Fe spectra from 
Fig. 1 on an expanded scale together with the predicted 
XMCD signal due to diffuse magnetism for both Ni and Co. 
We observe no effects of diffuse magnetic moments in the Fe 
XMCD spectra. The positive going shoulder on the Fe L 3 
may obscure such a feature, or the separation between the Fe 
L 2 and i 3 peaks may be too small. We also note that for Fe, 
Co, and Ni, the relative diffuse moment is smallest for Fe 
(Table I). The model we have used predicts a step-function 
line shape, which reflects a broad s band with nearly constant 
density of state. We have assumed that R M = -1 so that the 
diffuse XMCD signal goes to zero above the L 2 edge. While 
the XMCD line shape due to diffuse magnetic moments is 
undoubtedly more complicated, this simple model serves to 
illustrate the importance of considering diffuse magnetism in 
XMCD. 

We have determined (L Z )I(S Z ) for V, Cr, Mn, Fe, Co, 
and Ni, from our XMCD spectra both before and after sub¬ 
tracting contributions from diffuse moments. These values 
are given in Table II along with values determined by neu¬ 
tron diffraction 12 and band structure calculations 14 for Fe, 
Co, and Ni. Values of (L Z )/(S Z ) determined from XMCD are 
larger than values determined by neutron scattering and bar.d 
structure calculations, but including diffuse moments im¬ 
proves the comparison for Co and Ni. The results in Table II 
show how different interpretations of weak features in the 
XMCD spectra greatly affect the application of the (L Z )/(S Z > 
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TABLE II. (L.)/{Sj> values obtained from results in Fig.l and dichroism 
sum rules, compared to theoretical values, Ref. 14, and neutron diffraction 
(ND), Ref. 12. Values for Co and Ni were obtained both befote and after 
subtracting the diffuse-XMCD signal. The calculated value for Co is for the 
fee phase which is present in this experiment. Errors given for Cr are due to 
overlap of L } and L 2 dichroism signal. 



Ni 

Co 

Fe 

Mn 

Cr 

XMCD 

0.39 

0.33 

0.17 

0.25 

0.065 ±0.02 

XMCD-DMM 

0.28 

0.25 




Theory 

0.22 

0.15 

0.08 



ND 

0.17 

0.14 

0.12 


... 


sum rule. Uncertainties of this nature may limit the useful 
ness of the (L Z )/(S Z ) sum rule to qualitative applications. 
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Spin-specific photoelectron diffraction using magnetic x-ray 
circular dichroism 
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The first observation of spin-dependent photoelectron diffraction using circularly polarized x rays is 
reported for monolayer ferromagnetic fee Fe films on Cu(001). Circularly polarized x rays are used 
to produce spin-polarized photoelectrons from the Fe2 p spin-orbit split doublet, and intensity 
asymmetries in the 2p3/2 level of «=3% are observed. The asymmetry is dependent on the relative 
orientation of the x-ray polarization vector and the Fe magnetic moment. This spin-dependent 
technique promises the direct, element-specific determination not only of local atomic structure, but 
magnetic structure as well. 


The last several years have witnessed a massive growth 
in the research and development of nanoscale magnetic ma¬ 
terials. Perhaps the best review is provided by the Falicov 
report 1 on “Surface, Interface, and Thin-Film Magnetism.” 
Three general lessons can be derived from this report. (1) 
Magnetism is one of those special cases where fundamental 
research can directly lead to technological applications; (2) 
the key to understanding and manipulation of magnetic prop¬ 
erties is the subtle yet overwhelming interplay of atomic geo¬ 
metric structure and local magnetic properties. For example, 
the giant magnetoresistance effect (GMR), which is already 
being explored for technological exploitation, 2-4 appears to 
be intimately coupled to interfacial and thin film effects and 
probably will require elementally specific probes for an ex¬ 
plicit determination of the underlying causes. 5-7 This also 
appears to be the case for spin valves, 8-10 another source of 
device miniaturization in read heads and magnetic sensors. 
[While it may eventually be found that these two effects are 
fundamentally connected, for now it appears that the GMR 
effect (up to 60%) is dependent upon an antiferromagnetic 
coupling through a nonferromagnetic layer while the spin 
valve effect (=£10%) is associated with a loosely coupled 
ferromagnetic layer, 9 which can be controlled externally.] (3) 
The importance of probes with a direct spin dependence. A 
very recent illustration of this is the development of the mag¬ 
netic x-ray circular dichroism using x-ray absorption 11-15 
and photoemission 16,17 as a probe of surface, monolayer, and 
multilayer magnetism. It is this advantage that we propose to 
utilize, as will be described. However, before beginning that 
discussion, it is useful to summarize the state of of core-level 
photoelectron spectroscopy and diffraction at this point. 

In the case of photoelectron spectroscopy and diffrac¬ 
tion, there have been some significant strides recently. High 
resolution core-level spectroscopy has been demonstrated by 
Himpsel, 18 to be a sensitive measure of oxidation state of 
surface silicon. Photoelectron diffraction 19-21 has been 
shown to be a powerful probe of metal overlayer structure. 


“’Present address: University of Missoun-Rolla, Dept, of Physics, Rolla, MO 
65401-0249 


Using the internal spin polarization of the 3s state of Mn, 
Fadley et al. have reported observation of spin-specific pho¬ 
toelectron diffraction in bulk systems, 22 and used it to study 
short range magnetic order. In attempting to extend such 
measurements to metal overlayer systems, 23 limitations to 
this method became apparent. The small 3s cross section, the 
overlap of the split peaks, the large background on which the 
peaks rode, and the generally unknown spin composition of 
the peaks all militate for a better defined approach. This ap¬ 
proach must possess some sort of independent spin sensitiv¬ 
ity or selectivity, such as that shown in Fig. 1, and a more 
rigorous analysis based upon multiple scattering theory. One 
avenue to better spin sensitivity is the utilization of spin 
detectors, which unfortunately carry with them a concomi¬ 
tant loss. (Efficiencies of 10 -2 -10 -4 are common, relative to 
unpolarized detection.) Despite this handicap to spin- 
polarized, core-level, photoelectron spectroscopy, the first re¬ 
sults were reported by Kisker et al. and Carbone et al. look¬ 
ing at the shallow 3 p (Ref. 24) and 3s (Refs. 25 and 26) 
levels of bulk Fe. Subsequently, the measurements have been 
extended to include magnetic overlayers, demonstrating ef¬ 
fects such as antiferromagnetic coupling between substrate 
and overlayer. 27 (In parallel with this, spin-polarized photo- 
emission studies of valence band structure have also been 
pursued. Recent examples include the investigations of quan¬ 
tum well state, by Johnson era/. 28 and Carbone et al., 29 
which suggest that these states are connected to oscillatory 
interlayer coupling. Johnson has also led the effort at NSLS 
to extend their spin-resolved measurements to include shal¬ 
low core levels.) 30 Finally, Roth et al? x reported the obser¬ 
vation of strong dichroism effects in the Fe 3 p spectra using 
linear polarization, with and without spin detection, by using 
specific high symmetry geometries. These first studies were 
invariably done using linearly polarized soft x rays, and the 
spin sensitivity was provided by electron spin polarizers 
coupled to energy-analyzers. An alternative means to extract 
spin-specific information from core levels is to use circularly 
polarized x rays and the strong dipole selection rules that 
govern these transitions. The observation of photoemission 
circular dichroism was first demonstrated using the Fe 2 p 


J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6465/3/$6.00 


© 1994 American Institute of Physics 6465 
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FIG. 1. This figure shows schematically the experimental setup. A single 
energy (h k) of electromagnetic radiation is selected from the broad con¬ 
tinuum of synchrotron radiation using a monochromator. The photons cause 
the ejection of photoclectron, which are then collected by the angle (±3°) 
and energy resolving detector. The photons can be linearly or circularly 
polarized. The electron energy analyzer can be coupled to a spin 
detector (SD). 



V 


el 

A 


Mt 



KEr /jv-B f + V 0 -<f 


FIG. 2. This schematic illustrates the underlying cause of photoelcctron 
diffraction: interference between the direct and scattered waves. The inter¬ 
ference is dependent upon the details of the local geometry and the emission 
angles, the kinetic energy (KE), and the spin of the outgoing electron, as 
well as the sample magnetization. The kinetic energy is varied by scanning 
the photon energy, h v. The binding energy (B F ), the work function (0), and 
inner potential (V 0 ) arc constant for a given state and material system. 


states of bulk Fe by Baumgarten et al . 16 and then ultrathin 
films of Fe/Cu(001) by Waddill et al. 11 Subsequently, Kaindl 
et al. extended this work to rare-earth systems, with the ob¬ 
servation of very strong effects. 32 More recently, a large cir¬ 
cular dichroism in the Fe 3 p emission from Fe/Cu(001) has 
been observed and quantitatively simulated, 33 using a spin- 
specific, fully relativistic, multiple scattering theory that can 
also explain the large linear dichroism that was previously 
observed. 31 It is this spin selectivity, based upon circular po¬ 
larization of soft x rays, that we have used to perform spin- 
specific photoelectron diffraction. 

In photoelectron diffraction, an electron is ejected from a 
core level and can scatter or diffract off of its nearest neigh¬ 
bors. In the usual experiments a small solid angle of elec¬ 
trons is collected and linearly polarized x rays are used as the 
excitation. From the energy or angular variations of the par¬ 
tial cross section, the local geometrical structure can be ob¬ 
tained. To gain sensitivity to local magnetic structure, the 
spin of the electron must come into play (Fig. 2). One way to 
do this is to use circularly polarized x rays as the excitation: 
In this case the 2 p peaks will be intrinsically spin polarized. 
A naive atomic picture would predict that the 2 p m would be 
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This comparison of • paak halght and a simple theoretical modal demonstrates the fundamental 
nature of the spin-dependent diffraction. 


FIG 3. Spin-specific photoelectrop diffraction using magnciic circular di¬ 
chroism, for emission along the Cu[lll] direction. Because the sample was 
perpendicularly magnetized, the x rays were incident normal to the surface. 
Experimental results are shown as data points with error bars. The theoreti¬ 
cal results are from a spin-specific, multiple scattering calculation using an 
unrelaxed fee model (a =3.6 A) for the Fe 
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±25% polarized and the 2p m would be +50% polarized. 
These spin-polarized electrons can then be used to determine 
local atomic magnetic structure, for example, to distinguish 
local antiferromagnetic ordering versus local ferromagnetic 
ordering. 

In fact, we have already done the first such experiment. 
In Fig. 3 is an example of our data collected using ferromag¬ 
netic Fe/Cu(001) and circularly polarized x rays without spin 
detection. It should be noted that our measurements were 
done in mirror planes and with variation of both the magne¬ 
tization and helicity, to remove other extraneous effects and 
as a cross-check upon our analysis. It is obvious from our 
spectra that there is a fundamental intensity asymmetry that 
is independent of exchange-induced peak shifting. A more 
thorough discussion is provided elsewhere. 34 Thus, spin- 
dependent photodectron diffraction can provide a sensitivity 
to local magnetic order, similar to that demonstrated for spin- 
polarized extended x-ray-absorption fine structure. 35 
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partment of Energy by the Lawrence Livermore National 
Laboratory under Contract No. W-7405-ENG-48. Work at 
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Enhanced magnetic moment and magnetic ordering in MnNi and MnCu 
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Two-dimensional, ordered surface alloys of MnCu and MnNi were grown on Cu(001) and Ni(001) 
substrates. These surface alloys, which have structures that are not present in the bulk phase 
diagram, are highly corrugated with a c(2X2) periodicity. The stability of these surfaces has been 
predicted theoretically to be due to a gain in magnetic energy of the Mn atoms. Using a combination 
of soft x-ray absorption spectroscopy and x-ray magnetic circular dichroism we find that Mn is in 
a high-spin state and is ferromagnetically ordered in the MnNi surface alloy. MnNi surface alloys 
have been grown with an easy axis of magnetization perpendicular to the surface. 


Ultrathin films of Mn on Cu(001) and Ni(001) have re¬ 
ceived much attention recently due to the existence of stable 
surface alloys which form at 1/2 monolayer (ML) 
coverage. 1-4 These surface alloys form at room temperature 
and are characterized by c(2X2) low energy electron dif¬ 
fraction (LEED) patterns. LEED 1-V analysis, 1,2 shows that 
these surface alloys are highly corrugated with the Mn relax¬ 
ing outwards by 0.3 A on the Cu surface and 0.25 A on the 
Ni surface, Fig. 1. This large outward relaxation results in a 
reduction of screening at the Mn sites, observable as large 
binding energy shifts in the Mn 3s, 3 p, and 2 p 
photoemission. 4 The stability of these highly corrugated sur¬ 
faces has been attributed to a gain in magnetic energy of the 
Mn atoms and ferromagnetic ordering of the Mn atoms has 
been predicted. 1 Calculated magnetic moments for Mn in the 
surface alloys are high ~4 ji B . ] 

In this article we investigate the magnetic properties of 
the MnCu and MnNi c(2X2) surface alloys using soft x-ray 
absorption spectroscopy 5 and x-ray magnetic circular dichro¬ 
ism (XMCD). 6 ' 7 Both these techniques give element specific 
magnetic information. The line shape of the Mn I 2 3 absorp¬ 
tion spectra has been shown to be sensitive to the ground 
state spin moment of the Mn atoms. 5 The XMCD signal, 
a M =(rr + —o-_), is the difference between the absorption 
spectra with the photon spin parallel (cr + ) and antiparallel 
(<r_) to the sample magnetization, M. The average of the 
two spectra, ct 0 = l/2(o- + + cr_), is in most circumstances 
considered to be identical to the linearly polarized absorption 
spectra. The intensity and sign of cr M depends on the relative 
orientation of M and the photon spin, 2, that is cr w ~X-M. 
This is an important property of XMCD since it allows the 
direction of M to be determined, allowing antiferromagnetic 
coupling to be distinguished from ferromagnetic coupling. 6,7 
We present our XMCD spectra normalized to cr 0 at the L 3 
peak, a M (ho))/<T 0 (L 2 ), in order to discuss rektive degrees 
of magnetic ordering. 

The experiments were performed on the 10M toroidal 
grating monochromator at the Synchrotron Radiation Center 
or the University of Wisconsin. The beamline is equipped 


with a water-cooled copper aperture which allows the selec¬ 
tion of either linear, left-handed or right-handed elliptically 
polarized photons in the energy range 200-900 eV. The de¬ 
gree of circular polarization for this instrument has been cal¬ 
culated to be 85 ± 5 % . 8 The samples were magnetized in situ 
by a 2 kG magnet and all XMCD measurements were made 
on the remanent magnetization at room temperature. All ab¬ 
sorption measurements were made using the total electron 
yield by monitoring the sample drain current. 6 For perpen¬ 
dicular magnetization the photons were incident normal to 
the surface. For in-plane magnetization measurements the 
photon angle of incidence was 65° off normal (25° grazing). 
This reduces the in-plane a M signal by a factor of 0.9 (cos 
25°) when compared to a M signals for perpendicular mag¬ 
netization. We have corrected our measurements for this geo¬ 
metrical factor by multipiying the normalized in-plane cr M 
spectra by 1/cos (25°). 

Samples were made and measured in an ultrahigh 
vacuum system equipped with cryo-shrouded evaporation 
sources. Manganese was evaporated from an A1 2 0 3 crucible 
at a rate of 1 ML in 5 min. The MnCu c(2X2) surface alloy 
was prepared by evaporation onto a clean Cu(001) single 
crystal at room temperature. A sharp c(2X2) pattern, as 
viewed by LEED, was formed at 1/2 ML coverage. The 
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FIG. 1. Structural model of c(2X2) surface alloy (a) top view, (b) side 
view. Corrugation, A z, is 0.3 A for MnCu and 0 25 A for MnNi. 
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FIG. 2. (Top) Mn I 2 ,3 absorption spectrum, rr 0 , for 15 ML of Mn on 
Cu(OOl), (middle) Mn L^a 0 for the Mn/Cu(001)c(2X2) surface alloy. 
(Bottom) Theou'ical spectrum for high spin Hund’s rule ground state, S =5/ 
2, of d 5 Mn +2 from Ref. 11. 


MnNi surface alloy was grown on two types of fee Ni(001) 
substrate: a Ni(001) single crystal and a 20 ML Ni(001) film 
grown on Cu(001). The ultrathin Ni films are known to have 
a perpendicular easy axis of magnetization, while the 
Ni(001) single crystal has an in-plane easy axis. 9 For both 
Ni(001) substrates a c(2X2) LEED pattern was formed after 
deposition of 1/2 ML or Mn. This pattern became much 
sharper after anneaiing to 400 K. The base pressure of the 
vacuum chamber was 5X10 -11 Torr and the pressure during 
evaporation was 2X10“ 10 Torr. 

In Fig. 2 we show the Mn L 23 absorption spectra, tr 0 , for 
the MnCu surface alloy and a 15 ML film of Mn grown on 
Cu(001). The two spectra are shown normalized to the inte¬ 
grated L 2 intensity and are quite different. The spectrum for 
the surface alloy has two shoulders on the main I 3 peak and 
the L 2 feature appears as a doublet. The spectrum for the 15 
ML film is comparatively featureless consisting of a single 
broad peak at both the Z, 3 and L 2 edges. Also the L 2 /L 2 inten¬ 
sity ratio, R 0 , is smaller than the 15 ML spectrum. The spec¬ 
trum for the 15 ML film is very similar to the absorption 
spectra for bulk Mn. 10 

Also shown in Fig. 2 is the theoretical spectrum for high 
spin atomic Mn +2 d 5 , S= 5/2. This calculated spectrum is 
from Fig. 1(e) of Ref. 11 and includes spin-orbit coupling in 
the d levels. The only solid state effect included in the cal¬ 
culation is an 80% scaling of the electrostatic terms in the 
Hamiltonian to account for solid state screening. The calcu¬ 
lated high spin spectrum is in good agreement with the ex¬ 
perimental spectrum of the surface alloy. Each of the major 
features in the experimental spectrum are reproduced in the 
theoretical spectrum. The relative intensity ratios of the dif¬ 
ferent features also agree well. A similar agreement is found 
for the Mn absorption spectrum in the MnNi surface alloy. 
These comparisons show that Mn in the MnNi and MnCu 
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FIG. 3. (Top) Mn and Ni L t} absorption spectra, cr_, solid line, and cr + , : 
dashed line, for the MnNi c(2x2) surface alloy grown on Ni(001). (Bot¬ 
tom) Mn and Ni normalized XMCD spectrum, <r M (hw)/(r 0 (L 3 ), showing 
ferromagnetic ordering in both Mn and Ni and ferromagnetic alignment of 
Mn to Ni. The film was magnetized in plane along the [110] axis. The 
spectra have been multiplied by l/cos(25) = 1.1 to account for the photon 
angle of incidence. 


surface alloys are nearly atomiclike and have high spin mo¬ 
ments. 

It is informative to consider why the atomic calculation 
describes so well the f In absorption spectra for these surface 
alloys. We first note that atomic calculations have been more 
successful than band structure calculations in explaining the 
nonstatistical behavior of the L 3 /L 2 intensity ratio in the ab¬ 
sorption spectra of first row transition metals. 10 This is due to 
the localization of the d orbitals involved in the transitions 
and the importance of many-body excitations. At the surface, 
d orbitals are further localized due to lower coordination. 
This leads to an enhanced surface moment in magnetic ma¬ 
terials. The outward buckling of Mn in the surface alloys 
causes even more localization of the d orbitals resulting in an 
almost atomiclike Mn. The Hund’s rule ground state for Mn 
d 5 is an 5=5/2 state. Therefore, both the atomiclike <r 0 
spectra and the high spin moment are due to the surface 
corrugation. 

In Fig. 3 we show the Mn I 2 ,3 absorption spectra cr + 
and a. and their difference <j m for the MnNi surface alloy 
grown on a Ni(001) single crystal. Mn is found to be ferro- 
magnetically ordered with an in-plane easy axis of magneti¬ 
zation. Also shown in Fig. 3 is the Ni <r + , cr_, and cr M 
spectra for the same sample. Both the Mn cr w spectrum and 
the Ni (x u spectrum are negative at the L } edge and positive 
at the L 2 edge. Mn is ferromagnetically aligned with the Ni 
substrate. This is unusual since bulk MnNi is antiferromag¬ 
netic at room temperature. 12 No remanent magnetization was 
found for either Mn or Ni for magnetization perpendicular to 
the surface. No remanent magnetization was found in any 
direction for the MnCu surface alloy. 

The MnNi surface alloy was also grown on a 20 ML film 
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FIG. 4. (Top) Mn and Ni ly absorption spectra, o_, solid line, and tr + , 
dashed line, for the MnNi c(2X2) surface alloy grown on a 20 ML film of 
Ni/Cu(001). (Bottom) Mn and Ni normalized XMCD spectrum, 
ir M (ha))l<T (l (L } ) showing ferromagnetic ordering in both Mn and Ni and 
ferromagnetic alignment of Mn to Ni. The film was magnetized perpendicu¬ 
lar to the surface. The intensities of the normalized XMCD spectrum are ~2 
times greater than those for MnNi grown on Ni(001), Fig. 3. 

of Ni deposited on Cu(001). These Ni films are known to 
have an easy axis of magnetization which is perpendicular to 
the surface. 9 XMCD studies of these films show they have a 
similar a M line shape as bulk Ni but that the normalized 
intensity is increased by almost a factor of 2. 9 This increase 
has been attributed to magnetic domains in the bulk sample, 
which are apparently absent in the thin films. 9 In Fig. 4 we 
show the Mn and Ni I 2 ,3 absorption spectra a + and <r_ and 
their difference <t m for the MnNi surface alloy grown on a 
20 ML film and magnetized perpendicular to the surface. 
Once again the Mn is ferromagnetically ordered and aligned 
with the Ni substrate. No remanent magnetization was found 
for either Mn or Ni for magnetization parallel to the surface. 
The Mn <j m line shape is similar for the surface alloy grown 
on the single crystal and the thin film. The normalized inten¬ 
sity of the Mn a M spectra is increased by a factor of ~ 2 for 
growth on the Ni thin film, consistent with the Ni results 


and the idea of magnetic domains in the bulk sample. 

In conclusion, we have shown that Mn has a high spin 
moment in the MnCu and MnNi c(2X2) surface alloys. 
This high moment results from the corrugation of the surface 
which localizes the Mn d orbitals. We find Mn to be ferro¬ 
magnetically ordered in the MnNi surface alloy but not in the 
MnCu surface alloy. Long range magnetic ordering does not 
affect the stability of these surface alloys. We believe that it 
is the formation of atomiclike Mn in the Hund’s rule ground 
state which stabilizes the surface alloy. For the MnNi surface 
alloy we find that the Mn is ferromagnetically coupled to the 
Ni for substrates with in-plane and perpendicular easy axis of 
magnetization. This is unusual since bulk MnNi is antiferro¬ 
magnetic at room temperature. 

It is also possible to grow thicker compositionally or¬ 
dered MnNi alloys with the c(2X2) surface structure. 3 We 
have measured the magnetism in these films using XMCD 
and have found ferromagnetic ordering for film thickness up 
to 4 ML. These results will be discussed in detail in a sepa¬ 
rate publication. 13 

This work was supported by the National Science Foun¬ 
dation, Division of Materials Research under Grant No. 
DMR-94-13475. The Synchrotron Radiation Center is a na¬ 
tional facility supported by the NSF Division of Materials 
Research. 
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The M 2> 3 edge of Rh in Co-Rh alloys shows measurable x-ray magnetic circular dichroism. Such 
dichroism is not present, however, for analogous alloys of Co-Ru. The induced Ru magnetic 
moment, if any, is thus demonstrated to be significantly smaller than the induced Rh moment in 
otherwise similar Co alloys. 


X-ray magnetic circular dichroism (XMCD) is a useful measurements made on intermetallic alloys close to the 

technique for the study of magnetic systems. In XMCD, the G^jRu^, C 075 RI 125 , and Co 50 Rh 5 0 compositions. The par- 

absorption coefficient of circularly polarized x rays is mea- ticular alloys were chosen based on their miscibility, rema- 

sured as a function of photon energy. Near a core level ab- nent moment, and energy position of their respective absorp- 

sorption edge, the absorption coefficient is seen to vary de- tion edges (e.g., Pd was omitted due to a conflict with the 0 

pending on the cosine of the angle between the x-ray Is grating absorption edge). 

polarization and the sample magnetization. XMCD can be The measurements were made at the Synchrotron Radia- 
uscd to determine the net magnetization, projected onto the tion Center in Stoughton, WI, on a 10 m toroidal grating 

x-ray polarization axis, of the individual elemental species in monochromator. The alloys samples were prepared as 500- 

a complex sample. 1000 A thin films on fused quartz wafers by codeposition 

Published studies using XMCD have considered diverse using magnetron sputtering at 500 °C. Alloy compositions 

systems, including the K x edge 1 and L 2i $ edge 2 of the 3d were measured by electron microprobe analysis and absolute 

transition metals, the Z , 2 3 edge of the 5 d transition metals, 3 magnetizations were measured by superconducting quantum 

and the Z , 2 3 earth of the rare-earth transition metals. 4 interference device magnetometry. The samples were trans- 

Absent from this list are the 4 d transition metals. The ported to the synchrotron in air. To remove the resulf'ng sur- 

reason for this omission is that for the transition metals, the face impurity layer, the films were sputtered in vacuum and 

I 2i3 edge is preferred for XMCD because (a) it allows the annealed to ~300 °C prior to measurement. Residual oxygen 

study of the d-like valence electrons, and (b) because it has a impurity levels were small (less than 1 equivalent mono- 

high signal to background ratio for x-ray absorption. 5 How- layer) as determined from the oxygen Is core absorption 

ever, the angle of incidence required in the energy range of peak. The samples were magnetized in-plane prior to the 

the 4 d Z, 2>3 absorption edges (2-3 kV), is typically close to XMCD measurements, and were measured in remanence 

Brewster’s angle for most crystal monochromators (=45 0 ). 6 (zero applied field). We estimate the x rays had about 

That is, the monochromators produce only linearly polarized 85%±5% circular polarization 7 and they were incident at 

x rays, independent of the polarization of the incident radia- ±65° from the surface normal upon the sample, with con- 

tion. For example, with 100% circularly polarized incident secutive spectra taken at alternating angles. Absorption spec- 

radiation at the Rh L 2 edge (3146 eV), a Si(lll) monochro- tra were measured using a total electron yield technique. For 

mator crystal would be held at 39° incident angle, and would more information on the measurement technique, see Ref. 7. 

reflect only 8% circularly polarized x rays. Given that the Figure 1 displays the XMCD data from the Co L 2 3 and 

XMCD signal from Rh is only 4% using 85% polarized x Ru M 2 3 edges of a Co 75 Ru 25 alloy. Here the solid and 

rays (see below), systematic errors in, e.g., spectrum normal- dashed curves are the absorption coefficients, a ±65 °, taken in 

ization make measurements at the Rh L edge unfeasible. An- the two sample positions (magnetization 25° or 155° with 

other approach toward the measurement of Rh XMCD is respect to polarization, respectively), and the dotted curve 

therefore indicated. their difference. Regarding this data, we wish to make sev- 

In this study, we evaluate the feasibility of XMCD mea- eral points: in the Co spectrum the signal to background ratio 

surements of 4 d transition metal elements at the A/ 2>3 ab- at theL 3 absorption edge is 4, while at the Ru M 3 edge it is 

sorption edge. Although the estimated signal/background ra- 0.15, or about 25 times smaller. As a result, the Ru spectrum 

tios are low, such experiments may be possible with took much longer to collect (about 8 h) than the Co spectrum 

currently available grating monochromators which produce x (about 40 min). The peak XMCD signal, \ P » defined as 

rays approaching 90% circular polarization in the energy * p =max [(a +65 -a_ 6 5)/(a +0 5+a_ 65 )], is 0.032 at the Co 

range of interest for the M edges (300-600 eV). We present edge, compared with 0.21 for a saturated epitaxial Co film. 
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FIG. 1. Circularly polarized x-ray absorption spectra (solid and dashed 
curves) and their difference or dichroism (dotted curve) from a Co^Ru^ 
alloy. The Co I 2 3 edge shows significant dichroism but the Ru .W 23 edge 
does not. 


The low XMCD signal is caused by the low saturation mag¬ 
netization in this alloy and by its low remanence (52%). At 
the Ru edge, however, no XMCD signal is seen. We conser¬ 
vatively place an upper bound on x P to be ^0.005 at the Ru 
L 3 edge. 

The data from the C 075 RU 25 alloy can be compared with 
Fig. 2 showing spectra from a C 077 RI 123 alloy. Here x p =0.12 
at the Co edge. At the Rh A / 23 edge definite XMCD is seen, 
with x p =0.04. The induced Rh moment is parallel to the Co 
moment. This alloy had 66 % remanence, and we can ex¬ 
trapolate the XMCD measurement to determine that the satu- 
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FIG. 2. Spectra analogous to Fig. 1, except for a Co^Rh^j alloy. Here 
significant dichroism is seen at the Rh Ar 2>3 edge, indicating that the Rh 
develops a significant magnetic moment. 
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FIG. 3. Spectra analogous to Figs. 1 and 2, except for a Co 49 Rh 51 alloy. The 
Rh atoms develop measurable magnetic moments in this alloy. 

ration Rh \ p for this alloy is 0.06. Mossbauer measurements 
of the Rh moment in Fe 75 Rh 25 alloys indicate an induced Rh 
moment of ~1 fi B 8 If we assume that Rh develops a similar 
moment in Co alloys, we may deduce an approximate pro¬ 
portionality constant between \ p for Rh and its moment, i.e., 
X p =0MI/x, B . 

Figure 3 shov/s spectra from a Co 49 Rh 51 alloy. The Co 
edge has x p =0.025. The Rh dichroism signal is only about 3 
times the noise level, yet still measurable with ^,=0.006. 
This sample had 40% remanence, and based on the results 
from the previous paragraph, we find the saturation Rh mo¬ 
ment in this alloy to be 0.25 /t B . As a guide to the eye, we 
have superimposed a scaled version of the Co 77 Rh 23 XMCD 
spectrum as a dashed curve. 

This last result has particular significance to our under¬ 
standing of the Co 75 Ru 25 alloy (Fig. 1). Although the Ru 
alloy possessed remanent Co moments 1.3 times higher than 
in the Co 49 Rh 51 alloy, no detectable Ru moment was found. 
If we assume the same proportionality constant between 
magnetic moment and \ p for Ru as for Rh, we can place an 
upper bound on the saturation Ru moment in the Co 75 Ru 25 
alloy of approximately 0.16 /x B . Thus we find that Ru and 
Rh behave qualitatively quite differently when alloyed with 
Co. 

In summary, we have demonstrated the feasibility of 
XMCD measurements in the 4 d transition metals using pho¬ 
ton energies below 1000 eV. We find that the signal/ 
background ratio at the 4 d A / 23 edge is about 25 times 
smaller than at the 3 d I 2>3 edge, but that this edge can be 
effectively used to study XMCD in the 4 d transition metals. 
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Circular magnetic x-ray dichroism is a promising new tool for the study of spin and orbital moments 
in ferromagnetically ordered materials. For rare-earth systems the L 2 and i 3 edge dichroic spectra 
give information about the magnetic properties of the 5 d conduction electrors. This article 
addresses a few of the key issues concerning the interpretation of the spectra. In particular, the 
quadrupole nature of the dichroic spectra below the L absorption edges and its angular dependence 
is discussed. The important role of the 4f-5d exchange in causing a large and important spin 
dependence in the 2p-5d matrix elements is likewise examined. 


Because of the strong electronic correlations associated 
with the ground state of magnetic materials, there is an old 
but continuing problem on how to best formulate a model 
capable of quantitative analysis. With the advent of dedicated 
synchrotron sources a new tool, circular magnetic x-ray di¬ 
chroism (CMXD), has become available and may eventually 
prove as valuable as magnetic neutron scattering in helping 
to sort out the microscopic details of the magnetic ground 
state. An attractive feature of CMXD is its ability to yield 
element and shell specific information about the separate 
spin and orbital magnetic moments, even in complicated 
magnetic materials. In this article we concentrate on several 
issues which arise when trying to interpret features of the 
observed spectra for the L edges in rare-earth materials. Al¬ 
though the first CMXD measurements on rare-earth materials 
(Gd and Th) were reported in 1988,' there already exists a 
fairly large literature on the subject, which we cannot ad¬ 
equately review in this short paper. 

In the analysis of the L edge x-ray dichroism experi¬ 
ments on Gd a simple model was used to compare the ex¬ 
perimental spectra with a theoretical spin difference d den¬ 
sity of states. 1 The obvious disagreement was noted. The 
question arose whether when dealing with high energy pho¬ 
tons and the creation of a core hole the single particle picture 
is valid. Certainly an atomic picture with full multiplet con¬ 
siderations is required for the M 4 and M 5 spectra of the rare 
earths (involving dipole transitions from the 3d core states to 
the highly local 4/ states). 2 However a self-consistent, rela¬ 
tivistic, spin-polarized band structure calculation was ex¬ 
tremely successful in reproducing the dichroic spectra of Gd 
for the L 2 and L 3 edges, 3 thus indicating the single particle 
picture may be adequate for the very itinerant 5 d states. The 
experimental data also exhibit some structure below the L z 
and i 3 absorption edges, and these features were quantita¬ 
tively accounted for by using an atomic model to evaluate 
the 2p-4f quadrupole transitions. 3 Similar atomic calcula¬ 
tions were carried out to explain the variation of these below 
edge features in the dichroic spectra across the entire heavy 
rare-earth series. 4 There is good agreement with experiment. 5 
The reason these quadrupole features appear below the L 
edges is that the core hole is more attractive for the localized 
4 f states than for the itinerant 5 d states. 
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These first calculations also included a quantitative pre¬ 
diction for confirming the quadrupolar character of the below 
edge structure. There is an expected difference in the angular 
dependence of the dipole and quadrupole spectra as one var¬ 
ies the direction of the magnetization relative to the wave 
vector of the incoming light. 3 For some rare earths (e.g., Ho 
and Er) the angular difference is expected to be large and 
was looked for experimentally, with no success. 6-8 We have 
speculated on possible explanations for the negative results 
of these experiments. 9 We believe the simplest explanation 
which should be checked first involves the lack of complete 
magnetic alignment that has been obtained so far in the ex- 
oeriments. There are two causes for the lack of alignment: 
(1) experiments done on powders that have the easy axis of 
grains misaligned (not the case for samples with grain align¬ 
ment or with very small anisotiopy), and (2) the misalign¬ 
ment caused by thermal fluctuations (not a problem at tem¬ 
peratures that are very low compared with the magnetic 
ordering temperature). To demonstrate the rather large sensi¬ 
tivity of the difference between dipole and quadrupole angu¬ 
lar dependence to temperature, we consider an isolated ion of 
holmium. We neglect crystal field effects (which can also 
reduce the expected dilference). The integrated spectra for 
the 2p-4f quadrupole transitions can be decomposed into 
two terms, one with a Pi(0)=cos(0) dependence, and the 
other with a P 3 (0)=[5 cos 2 (0)-3]cos(0)/2 dependence. 10,11 
The first term has an angular dependence identical to the 
2p-5d dipolar transitions, so it is only the second term that 
gives the quadrupolar 'ransitions at different angular depen¬ 
dence. If we take the | JM) 4/ states as equally spaced in 
energy (no crystal field effects) and evaluate the magnitude 
of the factor multiplying the P 3 term for Ho, we get the 
dependence shown in Fig. 1. This figure indicates under ideal 
conditions, that if the experimental 4/ moment is at 70% of 
its zero temperature saturated value, then the P 3 term is al¬ 
ready reduced by a factor of 6! We are not aware of any 
experiments 'hat have been done in such a way that the mag¬ 
netic alignment was sufficient to make a definitive statement 
about the quadrupolar angular dependence, although several 
groups are planning such measurements in the near future. 

Another interesting aspect of the L dichroic spectra for 
rare earths is the sign. It was a surprise when the first spectra 
for Gd were analyzed and interpreted as indicating more spin 
up than spin down unoccupied 5 d states. This is inconsistent 
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FIG. 1. The Py term for the quadrupolar part of the dichroic spectra of Ho 
as a function of the magnetic moment (relative to the zero temperature 
saturated moment). 

with there being a net spin up conduction electron moment 
of 0.63 /%/atom moment. Figure 11 of Ref. 1 compares the 
difference in the 5 d spin density of states (DOS) from a band 
structure calculation with that derived from the measured 
dichroic spectra. Based on a simple model the experimental 
spectra indicate a dominant positive spin DOS above E F , 
while the theory has a dominant negative spin DOS. These 
authors comment “This obvious disagreement may indicate 
a modification of the 5 d spin density spectrum by the polar¬ 
ized core hole created by absorption of a circularly polarized 
photon.” This same sign problem has also recently been dis¬ 
cussed for rare-earth intermetallic compounds by Giorgetti 
et al. n who suppose that it is due to an open 4/ shell. As 
mentioned earlier, the full band structure calculations with 
dipole matrix elements are able to accurately reproduce the 
dipolar pait of the experimental dichroic spectra above the 
L 2 and L 3 edges; so that it is not necessary to invoke core 
hole or many body interactions to explain the sign. In a pre- 



FIG 2 The spin up and spin down 5 d radial functions for a neutral gado¬ 
linium atom. 



Energy (eV) 

FIG. 3. The unoccupied spin up minus the spin down 5 d DOS of Gd. The 
theoretical curve has been Lorentzian broadened by 6 eV. 

vious publication we briefly discussed the resolution. 4 The 
5 d radial functions in rare earths with open 4/ shells have a 
strong spin dependence. This is illustrated in Fig. 2 for the 
Gd atom. The 5 d orbitals by themselves are too spread out 
and the 5 d band too broad to support a magnetic ground 
state, and it is the 5 d exchange interaction with the localized 
4/ orbitals (which have a peak in probability well within 1.0 
au) that is responsible for inducing the magnetism in the 
conduction electron bands. The observed conduction electron 
moment scales with the total spin of the 4/ states across the 
rare-earth series. The 2 p radial function has its peak in prob¬ 
ability just inside 0.1 au and the dipole matrix elements be¬ 
tween the 2 p and 5 d orbitals are very spin dependent, with 
the matrix elements for the majority spin up 5 d states being 
20%-30% larger than the corresponding 5 d spin down states 
at the same energy. The effect of the matrix elements is dem¬ 
onstrated in Figs. 3 and 4. In the first we plot the (up-down) 
difference in the DOS for Gd calculated with the linear aug- 



Energy (eV) 

FIG. 4. The same as Fig 3 except the spin up density of states has been 
multiplied by 1.25 to approximate the spin-dependent matrix element effect 
for the dichroic spectra 
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mented plane waves (LAPW) method, using several energy 
panels above E F . The DOS has been set to zero below E F 
and broadened with a 6 eV Lorentzian. The broadening rep¬ 
resents the large (—3.5 eV) core hoie and final state lifetime 
and the experimental resolution. It can be seen that the spin 
down DOS dominates. Now we take the same data set and 
multiply the spin up DOS by 1.25 before making the sub¬ 
traction. The results shown in Fig. 4 show that it is now the 
spin up spectrum that “wins.” There is sufficient spin up d 
character to the bands extending to high energies that the 
integrated spectrum never switches sign to indicate a net spin 
down moment. This means that a recently derived sum rule 13 
involving the net spin is invalid for the case of L edge spec¬ 
tra involving rare-earth 5 d bands. It is interesting however 
that a related sum rule for the net orbital moment 14 yielded 
reasonable estimates when applied to the amorphous and 
crystalline GdFe 2 dichroic spectra. 15 It is still unclear if the 
orbital moment sum rule will retain its usefulness in all 
cases, and why. 
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Antropov and Dr. B. T. Thole, and with Professor A. I. Gold¬ 
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versity under Contract No. W7405-ENG. 
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Circular dichroism in core-level photoemission from nonmagnetic 
and magnetic systems: A photoelectron diffraction viewpoint (abstract) 
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Magnetic circular dichroism (MOD) in x-ray absorption represents an exciting new technique for 
studying and imaging magnetic systems. However, there are to date relatively few studies of 
dichroism in the inherent process involved: photoelectron emission. We will here illustrate that 
photoelectron diffraction (PD) theory provides a fruitful way of analyzing dichroism data for both 
nonmagnetic and magnetic systems. Circular dichroism (CD) has been observed in core-level 
photoemission from nonmagnetic systems: C Is from CO/Pd(lll) 1 and Si 2 p from Si(100) 2 . For 
CO/PD(lll), chirality in the experimental geometry is readily discernible, but for Si(100), it is more 
difficult to define the chirality with simple vector relationships. PD effects implicitly contain all 
information on such core-level dichroism, and we will present multiple-scattering simulations of the 
observations to date. We will also discuss the role of such CD effects in core-level MCD 
measurements, using Fe2 p emission from magnetically aligned Fe(110) 3 as an example. The 
analysis of such MCD data has so far been qualitative. 3 We will present a more quantitative analysis 
including final-state effects such as the interference of /±1 photoelectron channels and 
spin-dependent scattering and diffraction. 
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Elemental determination of the magnetic moment vector (abstract) 
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Recently, we have shown that magnetic circular dichroism (MCD) can be used to obtain element 
specific magnetic hysteresis (ESMH) loops of heteromagnetic systems. 1 By using magnetic circular 
dichroism (MCD) we map the three orthogonal components of the magnetic moment vector of each 
element of a strongly (90°) coupled Fe 3 oCo 7 o/Mn/Fe 30 Co 7 0 single crystal trilayer heterostructure as 
a function of applied magnetic field. The intensity of the MCD of the Mn I 2 ,3 absorption edges 
clearly shows that the Mn possesses a ferromagnetically aligned net magnetic moment. 
Furthermore, the individual element specific hystersis curves, when followed through the magnetic 
reversal process, reveals a detailed description of the magnetization reversal in the presence of both 
cubic anisotropy and strong exchange. This vividly demonstrates the capability of this technique to 
analyze the magnetic moment reversal process in the presence of strongly competing interactions. 


*C. T. Chen, Y. U. Idzerda, H.-J. Lin, G. Meigs, A. Chaiken, G. A. Prinz, 
and G. H. Ho, Phys. Rev. B 48, 642 (1993). 


J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6477/1/$6.00 


© 1994 American Institute of Physics 6477 





Coupled Multilayers, Thin Films, 
and GMR 


J. Ankner 

and M. Filipkowski, Chairmen 


Hybrid NiFeCo-Ag/Cu multilayers: Giant magnetoresistance, structure, 
and magnetic studies 
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Giant magnetoresistance (GMR), crystal structure, and magnetic properties have been investigated 
in sputtered Ni 66 Fe 16 Co I8 -Ag/Cu hybrid granular multilayer thin films. High angle x-ray diffraction 
(HXRD) was used to reveal the overall film structure and growth texture and low angle XRD was 
used to investigate the periodicity and flatness of the multilayer structures. Hysteresis loops for the 
as-deposited Ag-rich films show superparamagnetic behavior (and conventional granular GMR) 
which does not saturate in 14 kOe. Very NiFeCo-rich films are magnetically soft and exhibit induced 
in-plane uniaxial anisotropy. 


I. INTRODUCTION 

Giant magnetoresistance (GMR) in magnetic/nonmag¬ 
netic multilayer thin films, 1 discontinuous multilayer films, 2,3 
and in granular phase separated alloys 4-6 has been the sub¬ 
ject of much recent study. We have recently investigated the 
composition dependence of GMR and structure in “thick” 
(>1000 A) Ni 66 Fe 16 Co 18 -Ag single layer phase separating 
films. 7 In this article we analyze the effect of layering and 
reduced dimensions on the same alloy in a multilayer geom¬ 
etry using Cu spacers. 

II. EXPERIMENTAL METHODS 

These films were computer-controlled dc magnetron 
sputter deposited at 100 W an ; two different sputtering pres¬ 
sures (2 and 15 mTorr) with uUruoigh purity argon in a Vac- 
Tec model 250 side sputtering system with a base pressure of 
3X10 -7 Torr onto Corning 7059 glass substrates. A perma¬ 
nent magnet was positioned behind each substrate providing 
a 90 Oe field parallel to the substrate. The granular layer was 
cosputtered from a Ni^Fe^Co^ target partially covered with 
Ag foil. This resulted in a composition gradient that was 
perpendicular to the induced easy axis in the films. The com¬ 
position of the granular layers ranged from Ag 20 FM 80 to 
Ag 4 8 FM 52 (at. %) for films deposited at 2 mTorr and from 
Ag 28 FM 72 to Ag 72 FM 28 for films deposited at 15 mTorr, 
where FM stands for the NiFeCo ferromagnetic portion of 
the film. The granular layer thickness was varied from 25 to 
55 A and the Cu spacer layer thicknesses investigated were 
20 and 24 A. The granular layers have a thickness gradient 
(the Ag-rich end is ~25% thicker than the Ag-poor end due 
to the faster sputtering rate of the Ag foil). The granular film 
thicknesses reported are the average thicknesses. Slightly 
better MR magnitudes were observed throughout in samples 
with a Cu spacer thickness of 20 A rather than 24 A. The 
sputtering rates were determined from reference film steps 
measured on a Dek-Tak IIA surface profilometer. 


Composition was determined with a JEOL 8600 Electron 
Probe Microanalyzer. Magnetic properties were measured on 
a Digital Measurement Systems vibrating sample magneto¬ 
meter model 880. X-ray diffraction (XRD) was performed on 
a Rigaku D/Max-2BX XRD System with thin film attach¬ 
ment. The MR measurements were made at room tempera¬ 
ture using a four-point probe assembly with the applied cur¬ 
rent and easy axis of the film both perpendicular to the 
applied magnetic field except where designated on aniso¬ 
tropic magnetoresistance (AMR) results. The annealing 
(300 °C for 30 and 60 min) was done in a quartz tube 
wrapped in heating tape with an overpressure of flowing pu¬ 
rified argon. A magnetic field of 50 Oe was maintained in the 
films’ easy axis direction during the anneal using magnetic 
coils outside the tube. 

III. EXPERIMENTAL RESULTS 

Broadly speaking, two different as-deposited MR (dR/ 
R max with a maximum applied field of 12.5 kOe) behaviors 
were seen, where dR is the change in resistivity of the film 
from zero applied magnetic field to the maximum field and 
R max is the resistivity of the film in the maximum applied 
field. In the Ag-rich compositions a very rounded MR profile 
was observed. As the NiFeCo component is increased the 
MR profile sharpens. A small low field AMR component 
(—0.2%) was observed in the most NiFeCo-rich samples. We 
were unable to saturate the GMR in the available field. The 
granular composition giving the largest GMR magnitudes for 
the samples prepared at 2 mTorr was ~Ag 4 4 FM 56 and for the 
15 mTorr samples it was Ag 5 0 FM 50 , both being —4%. The 
evolution of the GMR profile versus FM fraction for 
(NiFeCo-Ag 35 and 55 A/Cu 24 A)X10 appears in Fig. 1 
(the profiles are offset for clarity). 1 We note two important 
differences between the GMR observed in these hybrid struc¬ 
tures and single layer films of the same granular alloy the 
GMR magnitude is reduced by —50% and the composition at 
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FIG. 1. MR loops for a series of granular laj'.r compositions for as- 
deposited and annealed (300 °C, 30 min) hybrid granular multilayer films 
(NiFeCo-Ag 35 A/Cu 24 A) X10. 


the maximum GMR is much more FM rich (~50% vs 30%) 
in the layered structures. 7 A significant reduction in MR ratio 
with film thickness has recently been reported in Co-Ag al¬ 
loy films. 8 The same study also reported a slight increase in 
the Co composition corresponding to the maximum MR ratio 
in 200- vs 2000-A-thick films. The composition shift we re¬ 
port is much larger, but our individual granular layers are 
also much thinner than 200 A. This phenomenon may be 
associated with a transition from three-dimensional to quasi- 
two-dimensional behavior. The percolation threshold is much 
higher in a two-dimensional lattice than the corresponding 
three-dimensional lattice. 9 

Annealing caused a decrease in MR magnitude for the 
FM-rich samples while the overall profile was maintained. 



20 30 40 50 60 70 

20 
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20 


FIG. 3. High angle 8-28 XRD scans for (a) as-deposited and (b) annealed 
(300 °C, 60 min) hybrid granular multilayer films (NiFeCo-Ag 55 A/Cu 24 

A)X10. 


Ag-rich films displaying an as-deposited broad profile expe¬ 
rienced an increase in MR magnitude upon annealing along 
with a distinct sharpening of the MR peak. Beyond a critical 
Ag concentration, (~Ag 5 <FM 4J for 15 mTorr) the GMR 
magnitude increases with annealing (Fig. 2). A similar trend 
with a critical composition o f Ag 50 FM 50 was seen for 
samples prepared at 2 mTorr. This transition was previously 



FIG 2. MR magnitude vs granular layer composition for as-deposited and 
annealed hybrid granular multilayer films (NiFeCo-Ag 35 A/Cu 24 A)X10 
and (NiFeCo-Ag 55 A/Cu 24 A)X10. (The curves are guides for the eye.) 



FIG. 4. Low angle 6-28 XRD scans for an as-deposited and annealed 
(300 °C, 60 min) hybrid granular multilayer film [Ag 50 (NiFeCo) 50 55 A/Cu 
24 A]X10. 
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FIG. 5. M-H hysteresis loops for as-deposited and annealed (300 °C, 60 
min) hybrid granular multilayer films with (a) both easy and hard axes 
shown for [Ag 2a (NiFeCo) 72 55 A/Cu 24 A]X10 and (b) casy-axis (this 
sample was nearly isotropic) loops for [Ag 5J (NiFeCo) 4S 55 A/Cu 24 A]X10. 


reported for single layer NiFeCo-Ag granular films grown at 
15 mTorr with a more Ag-rich critical composition of 
~Ag 68 FM 32 . 7 Because the average FM particle size is ex¬ 
pected to increase with the FM fraction, the critical concen¬ 
tration is naturally also associated with a critical FM particle 
size. Annealing shifts the maximum GMR composition to the 
more Ag-rich films (this is also found in single layer films). 7 

As-deposited high-angle XRD data revealed Cu(lll) 
peaks consistently and increasing Ag(lll) peak intensities 
with increasing percentage of Ag; the films are strongly (111) 
textured [Fig. 3(a)]. A systematic shift in the Cu(lll) peak to 
lower angles with increasing Ag content is noted in the as- 
deposited films. The Cu(lll) peaks are observed at angles 
lower than bulk values. Explicit NiFeCo peaks are not ob¬ 
served. Upon annealing, both the Cu and Ag(lll) peaks 
sharpened and intensified with the Ag peak increase more 
pronounced [Fig. 3(b)], Interestingly, following the anneal, 
the Cu(lll) peak position is now independent of Ag content 
and its position is now at a slightly higher angle than bulk. 
The asymmetry of the Ag(lll) peaks for annealed FM-rich 
samples may be associated with the growth of NiFeCo par¬ 
ticles. The d spacing derived from Ag(lll) peaks from the 
as-deposited films is smaller than the bulk Ag(lll) value. 
Annealing causes an increase in the d spacing up to nearly 
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the bulk value, in agreement with the single layer results. 7 
The low-angle XRD (LXRD) peaks (Fig. 4) indicate reason¬ 
ably good periodicity in the multilayer structure in the as- 
deposited state which allows for a calculation of the bilayer 
thickness, A, that agrees well with the calibrated sputtering 
rate data. Annealing has a small, nonsystematic effect on the 
LXRD spectra. 

M-H hysteresis loops from very FM-rich (e.g., 
Ag 2 gFM 7 2 ) samples display induced uniaxial anisotropy that 
decreases slightly with annealing while the coercivity 
slightly increases [Fig. 5(a)]. These surprisingly soft loops, 
which display no further increase in M at higher fields, indi¬ 
cate that very FM-rich granular layers are behaving much 
like simple NiFeCo alloy layers. The NiFeCo alloy in the 
NiFeCo-Ag layer most likely forms a physically continuous 
matrix with the Ag existing as particles (an “inverted” 
granular layer). As the Ag concentration in the granular layer 
increased (ferromagnetic concentration decrease) the M-H 
loops tend toward superparamagnetism associated with a 
small FM component particle size [Fig. 5(b)], Annealing of 
this Ag-rich sample results in a more easily saturated M-H 
loop probably resulting from an increase in FM component 
particle size. 

IV. CONCLUSIONS 

Layering of NiFeCo-Ag granular alloys with Cu spacers 
does not improve either the GMR magnitude or field sensi¬ 
tivity when compared with thick single layers of the same 
alloy. However, the composition dependence of GMR is 
strongly affected by the multilayer geometry with thin layers 
of NiFeCo-Ag separated by Cu behaving similar to thick 
single layers of much higher Ag content. We also find that 
very soft uniaxial multilayers can be grown with Ag compo¬ 
sitions as high as 22% in the FM layer. 
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Some FeNi-Ag granular films of composition Fe M (sample A) and Fe 7 . 62 Ni 16 4 Ag 75 . 9 8 

(B) were prepared by using rf magnetron sputtering, and once deposited were rapidly annealed at 
600, 650, and 750 °C. All samples displayed giant magnetoresistance. The zero-field-cooled and 
field-cooled processes evidence the segregation of ferromagnetic particles with a broad size 
distribution. The temperature and magnetic field dependence of the resistance is analyzed. The 
magnetoresistance follows a H n law at high fields and it decays froir its maximum value with a T m 
behavior, with m approaching 1 at high fields. 


I. INTRODUCTION 

The discovery of giant magnetoresistance (GMR) effects 
in a variety of antiferromagnetically coupled transition-metal 
multilayers 1 has opened a new amazing research field not 
only from the fundamental point of view but also from the 
technological one. Recently, this extraordinary effect has 
also been found in granular alloys 2 consisting of a distribu¬ 
tion of nonaligned nanociystalline ferromagnetic particles 
embedded in a nonmagnetic metallic matrix. In both kinds of 
systems, the resistivity strongly drops as the magnetic field 
orients the magnetic moments. Concerning theoretical expla¬ 
nations, both the existence of a spin-dependent potential 
scattering either at the interfaces or in the bulk of ferromag¬ 
netic layers (or particles) and the role of the unfilled d bands 
of the transition metal constituent (through an asymmetric 
density of states for majority- and minority-spin d bands ) 3,4 
have been taken into account in order to correlate GMR with 
the microscopic parameters. The magnitude of GMR has 
been found to be a sensitive function of ^th the size of the 
ferromagnetic particles and the concentration of the ferro¬ 
magnetic material in the alloy. The former effect is postu¬ 
lated to be due to the existence of an optimum particle size, 
determined by the conduction electron mean free path or spin 
diffusion length. Larger particles result in a reduction of 
GMR as a result of the decrease in particle surface-to- 
volume ratio . 3 The latter effect is believed to be due to the 
onset of percolation, v»hich acts to couple the particles 
ferromagnetically . 1-3 W present in this article the tempera¬ 
ture and magnetic fieh' dependence of the resistance of 
iNiFe-Ag granular alloys presenting GMR . 5 

II. EXPERIMENT 

Ag-Ni-Fe films of thickness 200-300 nm were rf sput¬ 
tered onto glass microscope slides using a Nordico 2000 
sputtering system. The base pressure was less than 2X10 ” 7 
Torr, the sputtering pressure was 8 mTorr of argon and the 
sputtering power was 300 W. The target used consisted of a 4 
in. Ag (99.999%) disc onto which were placed NigoFe^ and 
Fe 0.25 cm 2 squares arranged in a mosaic pattern. In order to 
promote post-deposition phase segregation and magnetic par¬ 
ticle growth, strips of about 7 mm wide were rapidly thei- 
mally annealed in a custom built vacuum system. Three an¬ 


nealing temperatures were investigated: 600, 650, and 
750 °C, and these were reached in 20 s, 2 min, and 3 min, 
respectively. Resistance and magnetoresistance (MR) of all 
samples were measured by an ac four-point probe technique 
in the temperature range 20-300 K and in magnetic fields up 
to 12 kOe. The relative geometry among the film plane, the 
electrical current, and the magnetic field was set by three 
ways: (a) the elecHcal current and the magnetic field are 
parallel to the film plane (parallel geometry); (b) the in-plane 
magnetic field is perpendicular to the electrical current 
(transversal geometry); and (c) the monastic field is perpen¬ 
dicular to both the electrical current and the film plane (per¬ 
pendicular geometry). The zero-field-cooled (ZFC) and field- 
cooled (FC) processes at low fields and the magnetization 
curves at 5 K up to 55 kOe were carried out by applying the 
magnetic field along the film plane using a superconducting 
quantum interference device magnetometer. 


III. RESULTS AND DISCUSSION 

The structure of some of the thin films (d ^50 nm) were 
investigated by transmission electron microscopy (TEM) in a 
modified JEOL 2000 electron microscope. Films were depos¬ 
ited onto Si substrates into which a SiN covered window had 
been etched and were found to have a strong (111) texture. A 
number of films were also investigated by using a Philips 
x-ray diffraction (XRD) system. This confirmed the strong 
(111) texturing but in neither the TEM nor the XRD was any 
clear evidence of phase segregation of the Ni or Fe from the 
Ag matrix. Magnetic and transport properties were measured 
on films which had composition Fen. 43 Ni 6 . 35 Agg 2.22 (sample 
A) and Fe 762 Nij 64 Ag 75 , 9 g (sample B). As both samples were 
rapidly annealed at 600, 650, and 7S'l°C, we will refer to 
them as A(as cast), A(600), A(650), A(750), B(as cast), 
B(600), B(650), and B(750), respectively. 

Figure 1 shows the ZFC-FC processes for sample A(650) 
measured at 100 Oe. The ZFC displays a broad maximum at 
T m ^22 K, suggesting the existence of a broad size distribu¬ 
tion of ferromagnetic particles. As magnetic irreversibility 
persists up to high temperature, we expect very large par¬ 
ticles to be present in the sample. We plot in Fig. 2 the 
magnetization curve of the same sample at 5 K. A detail of 
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FIG. 1. ZFC and FC processes measured at 100 Oe for sample A(65Q). 


the hysteresis circle is displayed in the inset, showing that 
the coercive field is small (about 150 Oe). 

The temperature dependence of the ratio 

-R m (T,H)IR(T,H= 0) [with R m (T,H)=R(T,H= 0) 

-R(T,H)] in the parallel geometry for samples A(650) and 
B(650) are plotted in Figs. 3 and 4, respectively. All the rest 
of the samples display very similar experimental features. 
The maximum MR values are obtained for samples B(650) 
and A(650), suggesting that the optimum annealing tempera¬ 
ture is about 650 °C in this Ag compositional range. MR is 
larger for sample B(650) than for sample A(650) because of 
the larger amount of ferromagnetic entities. As-cast samples 
display smaller MR than annealed samples due to the segre¬ 
gation of ferromagnetic particles in the latter. Results con¬ 
cerning the rest of annealing temperatures and other Ag com¬ 
positions will be published elsewhere. Figures 3 and 4 
evidence that MR is largely susceptible at low fields. We 
have also detected that MR is more susceptible in the in¬ 
plane geometries than in the perpendicular geometry, which 
is only due to the demagnetizing field (and it is not associ¬ 



FIG. 2 Isothermal magnetization curve at 5 K for sample A(650). Inset: 
detail of the hysteresis cycle at 5 K for the same sample. 
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FIG. 3. - R u (r/H)IR(T,H=0) as a function of// at different temperatures 
for sample A(650) in the parallel geometry. Solids lines indicate the best fit 
of the data to the H n law. Temperatures: (□) 21.6 K; (O) 46.1 K; (•) 73.6 
K; (A) 102 K; (☆) 149.2 K; (0) 196.4 K; (*) 245 K; (X) 290 K. 


ated with an intrinsic in-plane magnetocrystalline anisot¬ 
ropy) because there is no difference between the MR in the 
parallel and transversal geometry. All measurements have 
been recorded with increasing and decreasing field, and we 
observe a slight irreversibility at low temperatures below the 
coercive field. 

We have analyzed the temperature dependence of the 
MR as Mattson etal. 6 by defining the MR as 
R m (T,H)=R(T,H=0)-R(T,H), where R(T,H) is the re¬ 
sistance measured at a temperature T and in an applied field 
H. The total resistance at T and H is assumed to be given by 
R(T,H)=Ro + Rsd(T) +R \i(T,H), where R 0 is the resis¬ 
tance due to defects, R sd (T) is the temperature dependent 
resistance due to phonons and magnons. We show in Fig. 5 
the temperature dependence of R M (T,H) at different fields 
for sample A(650). R M (T,H) displays a monotonic increase 



FIG. 4. -R m (T/H)/R(T,H =0) as a function of H at different temperatures 
for sample B(650) in the parallel geometry. Solids lines indicate the best fit 
of the data to the H n law. Temperatures: (□) 21.5 K; (O) 45.9 K; (•) 73.7 
K; (A) 102.4 K; (☆) 149.6 K; (0) 197.8 K; (*) 245.9 K; (X) 282.1 K. 
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FIG. 5. R m (T,H) vs T at various fields for sample A(650). Magnetic fields: 
(O) 1 kOe; (■) 2 kOe; (•) 4 kOe; (□) 6 kOe; (☆) 12.1 kOe. Inset: 
R m (T,H) 113 vs T at the same fields for the same sample. 


as temperature goes down, which is in agreement with the 
progressive blocking of the ferromagnetic particles (Fig. 1). 
We plot in the inset of Fig. 5 the temperature dependence of 
R M (T,H) 113 at various fields for the same sample. We notice 
that R M (T,H) m is perfectly linear with T in the whole tem¬ 
perature range 20-290 K when the magnetic field is the 
maximum available in our experimental setup (H miX =12 
kOe), and that the linear law R M (T,H ) V3 versus T is fol¬ 
lowed in a smaller temperature range as we reduce the mag¬ 
netic field. The same 1/3 exponent and temperature depen¬ 
dence of R m (T,H) is found for sample B(650). If we 
extrapolate the data at T =0, we obtain the R m (T=0,H) and 
we may define AR m =R m (T=0,H)-R m (T,H). The log-log 
plot of A R m versus T is displayed in Fig. 6 for sample 
A(650) at 2 and 12.1 kOe. The slope of the plot yields the 
exponent m in the relationship and this power 



FIG. 6. Log-log plot of the temperature dependence of 
&Rh=R u (T=0,H)-Rh(T,H), at (■) 2 kOe and at (☆) 12.1 kOe for the 
sample A(650). Solid lines correspond to the best fit of the data to a T m law. 


law gives us an idea of the underlying scattering mechanism. 
It is evidenced that the temperature range in which the power 
law is accomplished increases with magnetic field (as ex¬ 
pected, since the MR saturates at large fields). The exponent 
m slightly increases with H and seems to tend to about 1, 
which is smaller than the T 3 ' 12 and T 2 laws found by Mattson 
<-t al. 6 in Fe/Cr multilayers. These behaviors are attributed to 
the thermal excitation of magnons. The temperature depen¬ 
dence of the MR of granular materials is complicated by 
there being a distribution of particle sizes and therefore 
blocking processes. We might tentatively attribute the tem¬ 
perature dependence of &R M at high fields to the thermal 
excitation of magnons with a smaller exponent in the T m law 
due to the reduction of the magnetic system dimensionality. 

Concerning the field dependence of the MR, we have 
observed that R M (T,H)/R(T,0) follows a H n beha"ior at 
high fields (above about 6000 Oe), as was found by Nigam 
et al? in Au 87 Fe 13 cluster glass. Solids lines in Figs. 3 and 4 
indicate the best fit of the data to the H n law. The n -exponent 
monotonically increases with temperature, ranging from 0.18 
at 21.6 K to 0.86 at 290 K for samples A(650), and from 0.13 
at 21.5 K to 0.76 at 282.1 K for sample B(650). The error in 
n is about 0.02. This monotonic temperature behavior evi¬ 
dences the progressive blocking of the ferromagnetic par¬ 
ticles, without being a freezing state corresponding to a spin 
glass behavior. Also, n is always smaller than the n =2 value 
expected for a pure paramagnetic state, 7 signaling that mag¬ 
netic correlations persist even at room temperature and/or 
larger particles are still blocked at this temperature, since the 
size distribution of ferromagnetic particles seems to be very 
broad (see Fig. 1). 
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Anisotropic giant magnetoresistance induced by magnetoanneaiing 
in Fe-Ag granular films 
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The effects of magnetoannealing on the giant magnetoresistance (GMR) in Fe x Ag 100 _ x granular 
films ( X~ *5,26,29,33, 37, and 60) were investigated. The thin films were annealed in a presence 
of mig ...ac field of 3 kOe at different temperatures of 300,400, and 500 °C using various annealing 
times. It is found that the anisotropic GMR characteristics were developed when Fe-Ag granular 
thin films were annealed in the presence of a magnetic field. The anisotropic GMR characteristics 
of the thin films were closely related to the magnetic anisotropy developed along the field direction 
during magnetoannealing. 


I. INTRODUCTION 

A considerable number of studies have been conducted 
on the giant magnetoresistance (GMR) effect in magnetic 
multilayers with antiferromagnetic interlayer coupling 1,2 and 
magnetic granular films with nonconnecting ferromagnetic 
particles embedded in a paramagnetic matrix, 3,4 due to their 
high potential for application for various kinds of sensors, 
i.e., a magnetic head for high recording density. Among these 
materials, the magnetic granular thin films are investigated 
by many researchers because they can be easily fabricated 
over large areas using usual thin film processes. Most of the 
work, however, is confined to the isotropic GMR in a micro¬ 
scopic point of view. 

Traditionally it has been well known that the anisotropic 
properties of magnetic materials are used to maximize the 
required magnetic properties and magnetoannealing is one of 
the most convenient methods to develop the magnetic anisot¬ 
ropy in magnetic materials. 

In this article, Fe^Ag^o-* (AT= 15, 26, 29, 33, 37, and 
60) granular thin films were deposited on slide glasses (Qing 
Huang Dao Medical Glasses Co., 1.2 mmX26 mmX76 mm) 
and annealed in a presence of magnetic field of 3 kOe at 
different temperatures of 300, 400, and 500 °C in a vacuum 
of 5X10 -3 Pa or a high purity nitrogen atmosphere to de¬ 
velop an anisotropic GMR. The effects of magnetoannealing 
on the GMR and magnetic properties of Fe-Ag granular thin 
films were investigated, 

II. EXPERIMENTAL PROCEDURES 

Ag-Fe granular thin films were prepared by dc magne¬ 
tron sputtering. The target was composed of 6-cm-diam Ag 
disk (99.9 at. % purity) and iron chips (99.9 at. % purity). 
The composition of the granular thin films was controlled by 
adjusting the number of iron chips attached on the Ag disk. 
Prior to deposition, the target was presputtered at 0.5 Pa for 
30 min. The sputter conditions are summarized in Table I. 

The magnetic annealing of thin films was carried out at 
different temperatures of 300, 400, and 500 °C in a vacuum 
of 5X10~ 3 Pa or a high purity nitrogen (99.99%) 
atmosphere. There was no difference in the electrical and 
magnetic properties between vacuum and N 2 -atmosphere an¬ 


nealed samples in this annealing temperature range. A mag¬ 
netic field of 3 kOe was applied in an in-plane direction of 
the films. 

The magnetoresistance was measured by using a con¬ 
ventional four-point configuration on a specimen of 3 mmX8 
mm with the magnetic field of 20 kOe perpendicular to cur¬ 
rent within the film plane at room temperature. Two direc¬ 
tions, i.e., parallel and perpendicular to the magnetic field 
direction of annealing were measured to compare the mag¬ 
netic annealing effect of the thin films. 

An x-ray diffractometer and a vibrating sample magne¬ 
tometer were used to analyze the microstructure and mag¬ 
netic properties of the films, respectively. A scanning elec¬ 
tron microscope was used to analyze the composition of the 
thin films. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the change of GMR as a function of 
Fe content in the as-spi ..-.red Ag-Fe granular films. The 
GMR reported here is referenced to the maximum re¬ 
sistivity at zero magnetic field and it is defined as 
MPtf=o = (Ptf - Pw=o)/p«=.o> where P/,= 0 and p H denote 
the resistivity at zero magnetic field and field H, respectively. 
One can see that the GMR value is very sensitively depen¬ 
dent upon the chemical composition of thin films. There is a 
narrow optimum composition range around Fe 2 c>Ag 71 , and in 
both the Fe-poor and Ag-poor regime the GMR decreases 
rapidly, which is in agreement with the result of Xiao et al. 5 

As-sputtered Fe-Ag thin films were annealed in a pres¬ 
ence of magnetic field of 3 kOe at different temperatures of 
300, 400, and 500 °C for various times. The structural 
change of the samples was characterized by x-ray diffraction. 


TABLE I. Sputtering conditions for Fe-Ag granular thin films. 


Background pressure 

4X10 ' 3 Pa 

Sputter pressure 

0.5 Pa 

Sputter gas 

Ar 

Substrate temperature 

room temperature 

Input power 

0.1 AX400 V dc 

Film thickness 

0.2 jum 
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FIG. 1. The change of GMR as a function of Fe content in the as-sputtered 
Ag-Fe granular films. 


FIG. 3. GMR curves of easy and hard directions in Fe 2 9 Ag 71 thin films 
annealed at 400 °C for 80 min in an N 2 atmosphere. 
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The diffraction patterns of Fe 2< >Ag 71 as sputtered and magne- 
toannealed at 400 °C for 30 min are shown in Fig. 2. For the 
as-sputtered film, a large peak attributable to (111) plane of 
Ag is detected, which indicates that a strong (111) preferred 
orientation was developed in the film. With magnetoanneal¬ 
ing, the r„c?k for (111) plane of Ag becomes sharp and a 
small broad p-rak around 44.3° is observed. The small peak 
may be attributed *o (200) plane of Ag and (110) plane of Fe 
because d m of Ag and d ul) of Fe are similar. The intensity 
of the small peak was increased with increasing Fe content of 
thin films, which strongly suggested that the peak include the 
peak of (110) plane of Fe. 

The anisotropic GMR characteristics are developed in 
annealed thin films with respect to the direction of magnetic 
field during annealing, i.e., parallel (easy) and perpendicular 
(hard). For the thin films annealed at 300 and 400 °C, the 
shape of the GMR curves was significantly different between 
the easy and hard direction of thin films. For Fe 15 Ag 85 thin 
film annealed at 400 °C for 10 min, we observed that the 
GMR curve became almost linear in a hard direction. Figure 



3 shows the GMR curves of Fe 29 Ag 71 annealed at 400 °C for 
80 min. As can be seen in Fig. 3, the GMR curve of the easy 
direction becomes sharper than that of the hard direction. 
The difference in GMR values between these two directions 
is not considerably large although GMR values in easy di¬ 
rection is always larger than those in the hard direction. 
However, there is the considerable difference in GMR values 
between easy and hard direction for the films annealed at 
500 °C. Figure 4 shows the variation of GMR values of 
Fe 29 Ag 7 i with annealing time at different temperatures of 
400 and 500 °C. It can be seen from Fig. 4 that the GMR 
values of these thin films increase with annealing time, reach 
the maximum at about 80 and 40 min, respectively, and de¬ 
crease. The difference in GMR values between easy and hard 
direction is larger in the sample annealed at 500 °C than that 
at 400 °C. To understand the cause of this difference between 
easy and hard direction, the M-H loop of Fe 29 Ag 71 annealed 
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FIG. 4. The variation of GMR values of Fe 29 Ag 7 , with annealing time 
FIG. 2. X-ray diffraction patterns of Fe^g^ thin films as-sputtered(A) and at different temperature of 400 (N 2 atmosphere) and 500 °C (vacuum 
magnetoannealed at 400 °C for 30 min in an N 2 atmosphere(B). atmosphere). 
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FIG. 5. The M-H loop of Fe 29 Ag 71 thin film annealed at 500 °C for 40 min 
in a vacuum atmosphere. 


at 500 °C for 40 min was measured and the result is shown in 
Fig. 5. The coercivities of easy and hard direction are 210 
and 180 Oe, respectively, from Fig. 5. The difference in the 
M-H loop shape and coercivity indicates that the magnetic 
anisotropy is developed along the magnetic field direction 
during annealing. Therefore, the anisotropic GMR character¬ 
istics of Fe-Ag thin films annealed in the presence of mag¬ 
netic field is closely related to the magnetic anisotropy be¬ 
cause except for GMR measuring direction, the other 
conditions, e.g., sputtering condition, composition, annealing 
condition of thin films were the same. The small difference 
in GMR values between easy and hard direction in the 


sample annealed at 400 °C shown in Fig. 4 can be explained 
by small magnetic anisotropy due to low annealing tempera¬ 
ture. 

In this study, the origin of the magnetic anisotropy is not 
elucidated yet. Further study on this point is suggested. 

IV. CONCLUSION 

It is found that the anisotropic GMR characteristics were 
developed when Fe-Ag granular thin films were annealed in 
a presence of magnetic field. The shape of GMR curves was 
different between easy and hard direction when the thin films 
were annealed at 300 and 400 °C. But the difference of GMR 
values was small. For the thin films annealed at 500 °C, there 
was considerable difference in GMR values between easy 
and hard direction which was closely related with the mag¬ 
netic anisotropy developed along the field direction during 
magnetoannealing. 
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Influence of microstructure on magnetoresistance of FeAg granular films 
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The magnetoresistance of FeAg granular films with optimum composition has been systematically 
studied as a function of film thickness. It was found that the giant magnetoresistance increases 
rapidly with increasing film thickness in the initial stage, and beyond about 500 A the improvements 
become limited. The saturation field was also found to rise with increasing film thickness. 

Transmission electron microscope studies showed that with the increase of film thickness the 
microstructure becomes more homogeneous, with smaller grains and fewer structural defects such 
as twins. A discussion of the influence of microstructure on magnetoresistance and saturation field 
is presented. 


I. INTRODUCTION 

The discovery of giant magnetoresistance (GMR) in 
multilayer systems 1 and subsequently in granular films 2,3 has 
stimulated worldwide research activities, due to both its fun¬ 
damental significance and its potential application to mag¬ 
netic sensors. It has generally been agreed that in both 
multilayer systems and granular films the GMR arises from 
spin-dependent scattering occurring either at the surface of or 
within the magnetic entity. For granular films, however, there 
exists evidence 4 that interface scattering plays a dominant 
role in magnetcresistance (MR). The GMR is believed to be 
closely related to features of magnetic granules such as size, 
shape, and distribution. So far, much attention has paid to 
this problem both experimentally 5 and theoretically, 6,7 but it 
is still far from completely understood. Concerning the effect 
of the feature of magnetic particle, most of the experimental 
work has focused on post-deposition annealing, which is be¬ 
lieved to promote grain growth or phase segregation. In sev¬ 
eral candidates suitable for fabricating granular films, Fe and 
Ag are virtually immiscible at equilibrium, and thus even for 
as-deposited FeAg film, large GMR has been observed 8 due 
to presence of iron precipitated during the material fabricat¬ 
ing process. Therefore, the deposition process certainly plays 
an important role in structure evolution and thus affects the 
GMR. 

In this article, we adopted the optimum composition of 
FeAg, focused on the influence of film thickness and at¬ 
tempted to reveal the influence of microstructure on MR. 


mm 2 with magnetic field perpendicular to current but within 
the film plane. The microstructure of the granular film was 
investigated by transmission electron microscope (TEM) and 
its composition was analyzed by r nergy dispersive analysis. 

III. RESULTS AND DISCUSSION 

For FeAg granular film the optimum nominal composi¬ 
tion showing the largest MR was found to be about 17.5 
vol % Fe, and in both the Fe-poor and Fe-rich regime the 
magnetoresistance decreased abruptly, which is consistent 
with the literature. 8 Energy dispersive analysis indicated that 
the nominal optimum composition actually contains 26 at. % 
iron, corresponding to a volume fraction of 20% Fe. 

Figure 1 shows the MR curves for three as-deposited 
Fe 26 Ag 74 samples with different thicknesses at a temperature 
of 1.5 K. The MR reported here is referenced to the maxi¬ 
mum resistivity at zero field and is defined as 
Ap/p w „ 0 = (Pw~ Pw=o)// > h=o> w h ere Ph= o an ^ Ph denote 
the resistivity at zero field and field H, respectively, and Ap 
represents the net change in resistivity. As can be seen in Fig. 
1, the value of MR changes considerably in samples with 
different thicknesses. For a sample with a thickness of 120 
A, the MR at 60 kOe is -7.14%, while for sample with 
thickness of 1800 A, it reaches -18%. From Fig. 1, it also 
should be noticed that with increasing thickness, not only the 
MR but also the saturation field increases. Even in the high¬ 
est magnetic field available the MR curves are still far from 


II. EXPERIMENTS 

FeAg granular films were prepared by magnetron sput¬ 
tering from a composite target onto water cooled ghss sub¬ 
strates at an Ar pressure of 0.5 Pa after a base pressure of 
better than 4X1(T 5 Pa was achieved. The composite target 
consisted of an Ag disk with small fan-shaped iron chips. 
Composition was adjusted by the number of iron chips 
placed on the Ag disk. Once the target was mounted, it was 
cleaned by extensive presputtering. In each batch, eight 
samples were produced, and the whc.v sputtering process 
was controlled by computer. A profilometer was employed to 
measure film thickness, and the steps for measurements were 
yielded by removing a strip of scotch tape placed on the 
substrate previously. The MR was measured by using a con¬ 
ventional four-terminal configuration on a specimen of 2X6 
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FIG. 1. Magnetic field dependence of MR for as-deposited Fe 2 $Ag 7 4 granu¬ 
lar films with different thicknesses at temperature 1.5 K. 
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FIG. 2. MR Ap/p w „o (top), resistivity p, and the net change in resistivity 
Ap (bottom) for Fc 26 Ag 74 granular films as a function of film thickness at 1.5 
K. Dashed lines are guides to the eye. 



complete saturation, especially for thicker samples, and thus, 
to some extent, the MR values given here are underesti¬ 
mated. 

Shown in Fig. 2 is the thickness dependence of the MR, 
from which it can be seen that with increase of film thickness 
the MR increases rapidly, and beyond about 500 A, this 
change approaches saturation. What is also shown in Fig. 2 is 
the thickness dependence of both the zero-field resistivity p, 
and the net change in resistivity Ap in a field of 60 kOe. It 
demonstrates that both p and Ap drop abruptly with increas¬ 
ing thickness in the initial stage of deposition, but beyond 
about 500 A both change moderately. However, it should be 
stressed that the drops in p are more significant than that in 
Ap, and this gives rise to the increasing trend of MR with 
film thickness. It is generally believed that for thinner films 
the role of surface scattering becomes significant relative to 
scattering occurring within the film, and consequently the 
resistivity rises. In addition, the existence of mismatch be¬ 
tween film and substrate may result in high stress and struc¬ 
ture defects such as twins, and these also enhance resistivity 
prominently. However, to some extent, the deposition pro¬ 
cess can be considered as an in situ annealing. Sputtering for 
a relatively long time may ease mismatch stress, alleviate 
disorder, and also promote precipitation, and as a result the 
resistivity decreases and MR rises. This structure evolution 
has been confirmed by TEM. 

In Fig. 3 are shown bright-field (TEM) images for three 
Fe 26 Ag 7 4 samples with different thicknesses, and in the 
upper-right-hand corners are the corresponding selected-area 
diffraction (SAD) patterns. Although energy dispersive 
analyses in nanomode indicated that the black areas contain 
considerably less concentration of iron than the white, the 
contrast does not necessarily imply an elemental difference. 



FIG. 3. Bright field (TEM) images and SAD patterns for Fe 26 Ag 74 granular 
films with different thickness (a) 120 A, (b) 400 A, and (c) 1800 A. 


It also contains a contribution from crystal orientation. From 
Fig. 3, it can be seen that the thicker the film, the smaller the 
grains, and also the more homogeneous the microstructure. 
For the sample of 120 A, the average grain size is on the 
order of 500 A and the size distribution has a wide range, 
while for the sample of 1800 A, the grain size decreases to 
the order of 200 A or less and it also shows a tendency 
toward homogenization. This probably resulted from phase 
segregation rather than nucleation on structure defects. As a 
result, this process led to the existence of plenty of fine iron 
particles, which gave rise to difficulty in saturation as ob¬ 
served from the MR curves. Certainly, a great number of Fe 
precipitated particles would also contribute to improvements 
of the MR. Besides, it should be noted in the micrograph of 
the thinnest sample, which exhibited the maximum resistiv¬ 
ity and the minimum MR, that a number of twins are visible. 
They would be expected to cause extra scattering and en- 
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hance resistivity. For thicker films, the possibility of increas¬ 
ing resistivity caused by small grain boundaries may be over¬ 
whelmed by eliminating giant twins and other defects as well 
as lowering the surface scattering fraction. 

Although there exists evidence for the presence of fine 
Fe particles, it is difficult to determine the Fe and Ag phases 
separately by electron or x-ray diffraction because of the 
overlap between Fe and Ag spectral lines, and in particular 
the line broadening for especially fine grains or particles. All 
electron diffraction patterns shown in Fig. 3 can be indexed 
as those lines of fee Ag, but they still show apparent differ¬ 
ences. For the thinnest sample, the spectral rings are charac¬ 
terized by dispersive diffraction spots, which implies the ex¬ 
istence of large grains or preferential crystal orientation. For 
thicker samples, those rings become complete and also 
broaden. It is an indication of the existence of fine grains 
with random orientation, promoted by phase segregation. 

Further studies concerning the relation between micro¬ 
structure and magnetic properties are presently being carried 
out. 

IV. CONCLUSION 

The MR of granular Fe 26 Ag 74 films has been found to be 
sensitive to the film thickness, which, to some extent, deter¬ 
mines the microstructure and reflects the film growth pro¬ 
cess. In the initial stage, the MR increases greatly with the 
increase of film thickness, and beyond about 500 A the im¬ 


provements approach saturation. The maximum value of MR 
observed in as-deposited Fe^g^ is -18%. Studies of the 
films with TEM and SAD demonstrated that the low values 
of MR for thinner samples are mainly attributable to the 
existence of a large number of defects, such as twins, as well 
as the increasing effects of surface scattering, while for 
thicker samples the increase of both MR and saturation field 
can be explained by relief of structural disorder and promo¬ 
tion of iron precipitation, caused by a relatively long time 
deposition, which may serve as an in situ annealing. 
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The ferromagnetic resonance (FMR) spectra and coercivities of FeSi-Si0 2 granular films have been 
measured over a wide range of FeSi volume fractions ( f v ). The films were prepared using the 
ion-beam sputtering technique and transmission electron microscopy showed that the FeSi alloy 
granules are embedded in a matrix of Si0 2 . An enhanced coercivity (H c ), as high as 329 Oe at room 
temperature, is observed. For some samples, there are several resonance peaks in the FMR spectra, 
which include one major peak and several minor peaks. The major and minor peaks correspond to 
the usual uniform mode and spin-wave respectively. In our experiments, the field separations 
between the major and the minor peaks show a complex fashion. Our results are discussed in 
comparison with some theoretical models. 


I. INTRODUCTION 

Granular solids consist of nanometer size metal granules 
embedded in an immiscible matrix which may be insulating 
or metallic. Because of the unique microstructure of ultrafine 
particles, many interesting and potentially useful properties 
have been found in granular systems. 1,2 The magnetic behav¬ 
iors of metal granules are very differern from that of the 
bulk. In particular, intrinsic magnetic properties, such as 
saturation magnetization (M s ) and anisotropy constant (K), 
are changed dramatically and greatly enhanced coercivities 
are usually observed. Such properties, especially giant coer¬ 
civity, show potential for applications, among them, as novel 
magnetic recording media. 3 

With the development of the technology of film fabrica¬ 
tion and the advancement of structure analytic methods, the 
magnetic properties of granular metal films have been inves¬ 
tigated intensively. 4-6 Recently, some studies have also been 
carried out in the granular alloy films. 7 However, many prop¬ 
erties on these films are still unknown and need to be clari¬ 
fied. To further understand the magnetic properties in the 
important area of ultrafine alloy, we have successfully fabri¬ 
cated FeSi-Si0 2 granular alloy films using the ion-beam 
sputtering technique. In this paper, we will describe the 
preparation and characterization of the films. Using these 
samples, we have made detailed measurements on their co¬ 
ercivities and ferromagnetic resonance (FMR) spectra. Our 
experimental study shows that an enhanced coercivity, as 
high as 329 Oe at room temperature, has been achieved in 
the films. Furthermore, we found that in some of our 
samples, there are several resonance peaks in FMR spectra. 
In the following, we should first discuss the experimental 
setup, then we will present our results and compare them 
with some existing theories. 

II. EXPERIMENTS 

The granular FeSi-Si0 2 films were prepared by the ion- 
beam sputtering technique. The films were deposited onto 
glass substrates which were fixed at the temperature 300 °C. 
During deposition, an ambient pressure of 2X10 -2 Pa of 


argon was maintained. The sputtering targets were mosaic 
targets of FeSi(97% Fe-3% Si) alloy and Si0 2 . The frac¬ 
tional area of Si0 2 on the targets can be changed so that 
various samples in the range of FeSi volume fractions ('/„) 
between 0.25 and 1.0 are obtained. The composition of the 
samples was determined using electron microprobe analysis. 

The microstructure of the samples was examined by 
transmission electron microscopy (TEM), electron diffrac¬ 
tion, and x-ray diffraction. The magnetic properties of the 
films were measured by a vibration sample magnetometer 
(VSM) with magnetic fields up to 20 kOe, the external field 
was applied parallel to the plane of the films during the mea¬ 
surements. The FMR spectra of the samples were recorded 
using an electron paramagnetic resonance (EPR) spectrom¬ 
eter operating at 9.97 GHz, the angle between the applied dc 
field and film plane changed from 90° to 0°. 

III. RESULTS AND DISCUSSION 

We have prepared samples with various FeSi volume 
fractions /„. The microstructure of the films is composition 
dependent, the typical TEM micrographs are shown in Fig. 
1(a) for f o **0A5 and Fig. 1(b) for /„«0.7. For smaller value 
of f v , one can see that fine and roughly spherical FeSi par¬ 
ticles are separated by the host material. The particles are of 
the order of a few nm in diameter and have a rather narrow 
size distribution. While for larger f v , the fine particles ag¬ 
gregate into large connected granules; this can be clearly 
seen in Fig. 1(b). 

The coercivities ( H c ) of the films were measured at 
room temperature by VSM with the external field parallel to 
the plane of the films. The dependence of H c on f v is shown 
in Fig. 2. One found that H c first increases as f v increases, 
after reaches a maximum // c «329 Oe at /„*»0.7, H c sharply 
drops as f v further increases. We found that the increase in 
the region of H c at smaller f v corresponds to the situation 
where the size of fine particles increases, while the rapid 
drop of H c corresponds to the case when these fine particles 
form granular networks. This is similar to the observations of 
Xiao et al? The maximum coercivity of our granular 
samples is about 85 times that of sputtered pure FeSi films. 
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FIG. 1. TEM micrographs of FeSi-Si0 2 granular films (a) /u~0.45 and (b) 

0.7. 



FIG. 3. The magnetic resonance field as function of FeSi volume fractions 
f v for the applied dc field parallel to the film plane. 


In comparison with Fe-Si0 2 granular solids, our maximum 
H c is smaller. This is due to the fact that the FeSi alloy has a 
lower anisotropy constant than pure iron. 

The FMR spectra of the samples were measured over a 
wide range of f u at room temperature. Presented in Fig. 3 is 
the resonance field (H r j) obtained for applied dc field H in 
the film plane. H r \\ decreases monotonically as f v increases 
up to 0.6, then changes very little as /„ increases to 1. Our 
result indicates that the structure of the samples changes as 
f v increases. The demagnetizing factor of our samples is 
reduced continuously as the fine particles gradually form 
uniform FeSi layer. 

Figure 4 shows the dependence of the resonance fields 
H r on 0 for / B *<0.45, with the 0 denoting the angle between 
the applied dc field and film plane. When 6 is close to 90°, 
there are several resonance peaks in the FMR spectra, which 
includes a major peak and four minor peaks. As 6 changes 
from 90° to 0°, the positions of both the major and minor 
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FIG. 2. Magnetic coercivities measured at 300 K of FeSi-SiOj granular 
films vs FeSi volume fraction /„ with the external field parallel to the film 
plane. 


FIG. 4. The dependence of magnetic resonance field on the angle 6 between 
the applied dc field and film plane for /„<=>0.45. The solid circles and the 
open circles correspond to the field positions of the major and minor peaks, 
respectively. 
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peaks shift towards low-field side. While the intensity of the 
major peak is almost unchanged, the intensities for the minor 
peaks become drastically reduced and disappear at the criti¬ 
cal angle 0 C «=80°. This behavior suggests that the major peak 
is the uniform mode and the minor peaks are spin-wave 
modes. 8 At 0=90°, the separations between the first and the 
nth peak are about 150, 540, 1220, and 1760 Oe, respec¬ 
tively. The corresponding ratios are 1:3.6:8.1:11.7. The spin- 
wave resonance (SWR) theories 8-10 predict that this ratio 
should be proportional to n 2 or n depending on whether 
magnetic inhomogeneities are localized near the surface or 
distributed in the thickness of the films. Our result is within 
these two different cases and closer to the surface inhomo¬ 
geneity model. This results from the fact that although a 
nanoscale volume inhomogeneity is characteristic of the 
granular films, there are abundant surfaces in our granular 
samples due to small size of particles, and magnetic inhomo¬ 
geneities localized near metal-insulator interfaces may play 
an important role. 

In conclusion, we have successfully prepared FeSi-Si0 2 
granular films with different FeSi volume fractions using the 
ion-beam sputtering technique. Using these samples we have 
studied ferromagnetic resonance spectra and coercivities. We 


have observed a large H c as high as 329 Oe. The FMR spec¬ 
tra for perpendicular configuration showed several peaks 
which can be attributed to the usual uniform mode and spin- 
wave modes. These materials open up a rich perspective for 
both fundamental investigations and technological applica¬ 
tions. 
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A pair of parallel uniaxial particles with dipole-dipole coupling has, for bond angles /3=0 and 7 t/ 2, 
up to four locally stable configurations: It, ||, it, and |j. Assuming thermal relaxation via 
coherent rotation and a periodic driving field we solve a master equation for the occupation 
probabilities of these states and find the coercivity and switching field distribution of the ensemble 
of coupled particles. For either value of the bond angle we compare numerical solutions of the 
master equation with approximate expressions based on extremal analysis and find good agreement 
between the two. 


There exists a vast body of literature dedicated to ther¬ 
mal relaxation effects in bistable systems while thermal re¬ 
laxation in systems with more than two metastable minima 
has received, to date, but scant attention, a notable exception 
being the work of Pfeiffer. 1 We have recently 2 applied his 
master equation approach to an array of interacting, ther¬ 
mally relaxing bistable systems and we were able to demon¬ 
strate that the relaxation rates within such an array must be 
interpreted as rates of transitions between its metastable con¬ 
figurations. The simplest possible interacting array is formed 
by two identical, magnetostatically coupled uniaxial particles 
with individual energies E^=KV sin 2 Q-M S HV cos 0, ( K 
is anisotropy constant, V particle volume, M s saturation 
magnetization, H is external field applied in the z direction, 
and 0, is the angle spanned by the magnetization vector and 
applied field), and coupling £ im =r -3 M 1 -M 2 
-3r" 5 (M r r)(M 2 .r) where r=r(sin /3+cos /3k) is the ra¬ 
dius vector joining the two particles and /3 the bond angle. 
The total energy is £=£ (l) +£ (2) +£ inl and for brevity we 
write $=EIKV and h=HIH n (H n =2K/M s is the nucle- 
ation field of an isolated particle). For bond angles /3=0 and 
/3=7r/2 Chen e/a/. 3 found analytic expressions for the ex¬ 
tremal energies and barrier heights of the system. We briefly 
summarize here their findings, write down our set of master 
equations, 2 and compute then the major hysteresis loop, co¬ 
ercivity, and switching field distribution as functions of the 
coupling strength p=M 2 V/(2Kr 3 ). 

For either value of /3 there exist 3 up to four metastable 
states schematically represented as tt> It. and || (these two 
are equivalent) and ||. Their energies are 'S\=-e-4h, 
$z=e, and <¥ 3 =-e+4h, respectively; in these formulas 
e=4p if /3=0 and e= -2p if {3=i t/ 2. For bond angle /3=0 
there exist three critical fields h n> 2 s h p s* h„ 2 . 


A n ,(p)=l+p. 

(1) 

Vp)=( 1 +p)( 1 -3p) 1/2 ( 1 - p)" 1/2 , 

(2) 

hr.Jp) = (1 - 3p) 1/2 ( 1 - p) 1/2 . 

(3) 


The degree of metastability changes at the nucleation fields 
h„ t while, as will be explained, at the critical field h p only 


one of the relaxation channels changes and no change in the 
number of local minima takes place. There exist also three 
saddle points, labeled a, b, and c, with energies 

& a '=l + 3p 2 +h 2 +2hh n Jp), (4) 

# e) =2(l ~p 2 +h 2 )/h ni (p), (5) 

where a = a, b and the upper sign refers to the saddle a. The 
minimum and saddle point energies define [see Eq. (11) be¬ 
low] the barrier heights to be overcome by thermal relax¬ 
ation). If /3=7r/2 then the system has again three critical 


fields h n ^h„ 2 ^h p , 

/ I „ i (p) = (l-p) 1/2 (l + 3p) 1/2 , (6) 

/t„ 2 (p) = l-3p, (7) 

Mp) = (l-3p)(l-p) 1/2 (l + 3p)' 1/2 , (8) 

and three saddle points with energies 

& a) =l-3p 2 +h 2 +2hh p {p), (9) 

^=2[h 2 + h n Jp)(\-2p)]/h n Jp). (10) 


As previously mentioned, there exist up to three physically 
distinct metastable configurations of the two-particle cluster. 
They correspond to local energy minima and we shall define 

4 a) (£,p) = *<“>,(£,p)=/ 0 txp(-KV^flT) (11) 

as the rate of thermally activated flux from the metastable 
state / to j passing through the saddle a. Here T is tempera¬ 
ture ( k B = 1), f 0 is the prefactor (we set 4 / 0 =e 25 Hz) and the 
reduced barrier heights 

For bond angle /?=0 and applied field \h\ < h n Jp) the 
relaxation channels open in the two particle system may 

a b 

schematically be represented as l<-+2<->3 where 1=TT, 
2=It+Ti, and 3=|j. The probabilities n, (occupation num¬ 
bers) that the system finds itself in the ith metastable state the 
satisfy 2 the equations 
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n ! = - 2 i<[ 2 n j + K 2 iti 2 , 

(12) 

n 2 =2 K$n ! - ( k ( 21 } +K 22 )n 2 +2 K^n 3 , 

(13) 

n 3 =K ( £n 2 -2K { £n 3 , 

(14) 


where h =dnjdt. The factors 2 above have their orgin in 
the degeneracy of the metastable state 2, The stationary state 
of Eqs. (12)-(14) is thermal equilibrium and it is easily 
shown 2 that in the decoupled limit one recovers the single 
particle result. In applied fields h„ 2 =s| h\ < h p the local 
minima 2 do not exist so that 

/i 1 =-n 3 =-2AC ( i3 ) n 1 +24i , »3 ( 15 ) 

and n 2 =0; a=b if h>0 and a=a if h< 0, while a=c at 
fields h p =s| h\ < h„ x . The relaxation rates K.\f are continu¬ 
ous across all critical fields h,(p) but equation sets (12)—(14) 
and (15) are discontinuous at the nucleation fields ± h„ 2 (p) 
where the levels 2 vanish. In hysteresis calculations it is 
therefore necessary to verify that the vanishing intermediate 
states 2 are empty before the transition from the tristable to 
the bistable regime is made. The coercivity h c is obviously 
bounded by the nucleation field // „ ( , h c h„ . 

The case of bond angle /3=tt/2 and applied field \h\<h p 
is described by Eqs. (12)—(14). However, a direct relaxation 
channel opens between the states 1 and 3 if h p *s| h\ < h„ 2 


and we write 2 here 


n i = “ 2 (*12 + k[ c 3 ) n i + K { 2l ] n 2 +2 K^n 3 , 

(16) 

"7 = 2 K ( $n , - (4V + 4V)«2+2 4V” 3. 

(17) 

« 3 =24 c 3«3 + 4V” 2 — 2 (4V 4" 4V)«3- 

(18) 

At h„ x > h & h„ 2 the system has the two metastable states 1 
and 2 and at - h n < h =s -h„^ the states 3 and 2. The 

evolution equations are 


n 2 = - n , = - 4V« 2 + 2 k\ 2 } n ,, 

(19) 


where i = 1 and a=b for h>0 while i = 3 and a=a for 
h<0. In this case h c /i„ 2 - For either value of /3 the system 
is monostable in fields |/i| s* h n . 

Now let the applied field h vary with time as h(t) 
= h nt (p )cos 2irft where / is the field sweep rate. At time 
1=0, accordingly, nj = l and n 2 = n 3 =0 in Eqs. (15) and 
(19). These are the initial conditions for the differential sys¬ 
tems (12)—(15) describing the time evolution of the two par¬ 
ticle cluster at bond angle /3=0 and for the systems (12)— 
(14), (16)—(19) corresponding to /?= tt/2. Their sample 
numerical 5 solutions are presented in Figs. 1 and 2 where we 
also introduce the reduced magnetization m = 2(n t -« 3 ) and 
switching field distribution (SFD) x = dm/dh. In all cases we 
have chosen q=KV/T= 42 so that the half lifetime of an 
isolated particle is about one year. 

At zero bond angle (Fig. 1) the antiparallel configura¬ 
tions 2 are energetically unfavorable and at the chosen tem¬ 
perature « 2 S =0 at all times for p>0.01 (not shown in Fig. 1). 
The coercivity 6 h c (p,f) is shown in Fig. 3. Since n 2 ^0 the 
system may be treated as having only the two levels 1 and 3 
approximately described by the evolution equation 



FIG. 1. Bond angle /3=0. Nonequilibrium magnetization m[/i(r)] (lmg 
dash) and switching field distribution *[/t(0] (solid lines) vs applied field 
h(t). Coupling strength p=0 (rightmost curve, marked), 0.05, 0.10, 0.15, 
0.20, 0.32 (the highest SIT) peak shown here), 0.40,0.50 and 0.60 (leftmost 
curve). For p=0 we also show the probability n 2 [/i(()] (si. 'rt dash), for all 
other values of p n 2 *«0 at all times. Sweep rate /= 10 1 Hz. 


n 1 = -r/i 1 = -n 3 where we retain only the dominant rate: 
r=2*$ if -h p <h< 0 and T = 2k{ c J if-h ni <h <-h p \ 
&$=(h-h n2 ) 2 +H2p+h) and £$-2 {h + h„flh ni . At 
coercivity n, = n 3 =l/2 and the SFD function has, 
approximately, 4 a maximum, dx!dh\ h ^ hc = 0. so that 



FIG. 2. Bond angle f3=ir/2. Nonequilibrium magnetization m[h(t)] (long 
dash), switching field distribution xlMO] (solid lines), and the probability 
n 2 [/i(r)] (short dash, plotted as -n 2 for clarity) vs applied field h(t). The 
magnetization curves labeled as a (p=0), b (p=0.05), c (p=0.10), d (p 
=0.15), e (p=0 20), and f (p=0.25). For p>0 the SFD function has a 
minimum at coercivity and two flanking peaks which we connect by labeled 
braces. The curves n 2 (h) are unlabeled, the broadest curve corresponds to 
p=0.25, the narrowest one (with max n 2 = 1/2) to p=0. Note how stable the 
antiparallel states 2 become at large coupling strengths. Sweep rate / 
= 10' Hz. 
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FIG. 3. The exact reduced coercivity (Ref. 6) /i c (p,/> for bond angles /3=0 
and tt/2. Sweep rates are /= 10“ 3 Hz (*), 10“ l Hz (O), 10* Hz (☆), and 
10 3 Hz (A). Note in particular that at small interaction strengths h c «p for 
/3=0 but h c <x-p 2 for /}=ir/2. Also shown are the nucleation fields ft nj ard 
the critical fields h p . 

2irfh c m(h c )-(r(h c )m(h c )=0, (20) 

a(h) = - h 2 ) 112 . Substituting for m and m we finally 

obtain 

Wfo/*f)-Q a (h c ) = H*(h c )[Q' a (h c )-h c /a 2 (hM 

( 21 ) 

where Q a (h c )=q$f\h c ) for brevity and Q' a = dQ a l 
dh. Without the right-hand side this is exactly Sharrock’s 
formula 7 for coercivity and Fig. 4 shows that both the solu¬ 
tion of Eq. (21) and the solution hSp of Sharrock’s for¬ 
mula provide a very good approximation to the exact solu¬ 
tion h c {p). Regarding the SFD function x(h) it was shown 4 
that approximately Xmm(h) ~ Q'dfic) so that according to 
Fig. 4 the SFD function x(h) should attain the greatest 
height if h c (p) = h p (p) and this trend is indeed observed in 
Fig. 1 and in its counterparts at other sweep rates. 

At bond angle £<=7r/2 the evolution of the two particle 
cluster is dominated by the great stability 8 of the antiparallel 
configurations 2 (see Fig. 2), n 2 (h c )^l and the SFD fur> 
tion has a local minimum flanked by two local maxima. The 
two level approximation is obviously not applicable, yet an 
approximate expression for h c (p) follows from Eqs. (20) and 
(12)—(14) supplemented by the auxilliary extremal condi¬ 
tions n [ (h c ) = n 3 (h c ) and n 2 (h c ) = 0: 

2 K®(h c ) - K$(h c ) = 27 Tf<r(h c )[Q’ a (h c ) + Q'„(h e ) 

-2h c l(T 2 (h c )], (22) 

where QJq = $$ = (h - h ni ) 2 + 4(/i - p) and 
Qblq = <^ 23 * - (h + h ni ) 2 . The solution hS c X) of Eq. (22) is 
compared with the exact coercivity h c {p) in Fig. 4. An ap¬ 
proximate expression for the SFD peak values 
Xma x(h c + S l )>x m Jh c - S 2 ), Si> 0, is not known to us. 
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FIG. 4. The exact reduced coercivity (Ref. 6) h c (p,p (f= 10 1 Hz, solid 
line) compared with the approximate expressions [solution of Shar¬ 
rock’s formula (Ref. 7) /3= 0 only] and ft)* 1 [solution of Eq. (21) for /3=0 
and Eq. (22) for fi= ir/2]. Approximate solutions based on (short dash) 
exist at h c <h p and those based on <5$ (long dash) at h c >h p . To empha¬ 
size the matching at h c =h p we extend both solutions a little into the un¬ 
physical region beyond h p . Also shown are the (scaled) derivatives 
Q' a (h c*') an 4 Q'M X) ) (same markings as for coercivity). 

The evolution (master) equations of Sec. II are fairly 
complicated but we have shown here that at least the coer¬ 
civity h c (p) may easily be found from the approximate Eqs. 
(21) and (22). It is remarkable that for /?=tt/ 2 and small p 
the exact coercivity is a nonlinear function of the coupling 
strength (h c ^-p 2 ) while this result cannot be obtained from 
the approximate Eq. (22) (compare Fig. 4) nor from a mean 
field theory. 9 Equations (21) and (22) fail if the hysteresis 
loop approaches the curve of equilibrium magnetization, i.c., 
at high temperatures or small sweep rates. 
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Some specific features of fine Fe and Fe-Ni particles 

Yu. V. Baldokhin, P. Ya. Kolotyrkin, Yu. I. Petrov, and E. A. Shafranovsky 

Institute of Chemical Physics, Russian Academy of Sciences, Kosygin Ulitsa 4, 117977, GSP-1, 

Moscow V-334, Russia 

By comparing results of Mossbauer spectroscopy and x-ray diffraction investigations of ultrafine Fe 
and Fe-Ni particles, a formerly stated supposition on the existence of two spin states of the fee phase 
in pure iron and Fe-Ni alloys has been verified. Some structural peculiarities of particles under study 
have been observed also. For the pure bcc-Fe particles with an average diameter of 30 and 50 nm 
the existence of two hyperfine fields {H x =330 kOe, H 2 =360 kOe) at room temperature has been 
found. It is supposed that H 2 in the bcc phase could be considered as a remnant of a high spin state 
of the fcc-Fe phase at high temperature. Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and 
Fe-Ni(52 wt %) alloys with an average diameter ranging from 5 to 15 nm were studied also. 
Particles of Fe-Ni (30.3 wt %) and Fe-Ni(35 wt %) alloys with diameter of 5-8 nm had the bcc 
structure. A mixture of the bcc and fee phases appeared with an increase of the particle size. At the 
same time only the fee structure remained for the largest particles. The observed size structural 
dependences and the existence of the stable bcc phase in small particles can be explained by the 
martensite fcc-bcc transition. 


I. INTRODUCTION 

This work aims to study Fe and some binary system 
peculiarities under transition from buik to fine particles in 
order to reveal some of their size-dependent properties and to 
understand the nature of these properties of the bulk itself 
more profoundly. Subjects of inquiry are chosen magnetic Fe 
and Fe-Ni fine particles. The change in the crystalline and 
hyperfine magnetic structure of small particles of Fe and 
Fe-Ni alloys enriched with Fe as compared with the bulk 
have been investigated. It is well known from experimental 
data and the theoretical point of view that some Fe-based 
alloys with fee structure show many anomalies of physical 
properties. This variety of anomalies is named Invar anoma¬ 
lies and the most specific one is a behavior of the thermal 
expansion. The thermal expansion constant is practically 
equal to zero within a wide temperature range. The nature of 
the anomalies in fee Invars is supposed to be due to (i) the 
peculiarities of the electron and magnetic structure, (ii) size- 
dependent properties of small particles, (iii) an influence of 
various composition, interatomic distances, a number of 
nearest neighbors, a-y and antiferro-ferromagnetic transfor¬ 
mations, and high and low spin states. 


II. SAMPLE PREPARATION 

The fine particles are produced with the so-called “gas 
evaporation” technique. The principle of the method lies in 
substance vapor condensation in an inert gas atmosphere 
which transfers the condensation heat from the arising aero¬ 
sol particles to the reaction vessel walls (the solidification 
rate is about 10 4 —10 5 deg/s). By varying the species and the 
pressure of the inert gas as well as the vessel size, it is 
possible to alter the average diameter of aerosol particles 
within a range from one to hundreds of nanometers. The 
particles obtained are deposited on the vessel walls and have 
a rather narrow size distribution (maximum deviation from 
the average value is usually no more than a double value). 


III. EXPERIMENTAL RESULTS AND DISCUSSION 

Analyzing thermodynamic functions as well as results of 
electric and magnetic measurements for pure iron and its 
alloys, Weiss 1 came to the conclusion that a high temperature 
fcc-Fe phase could exist in two spin electron states, one of 
which was antiferromagnetic (Neel temperature 7^=80 K, 
magnetic moment per atom /a= 0.5 /%, lattice constant 
a=3.55±0.01 A), and the other was ferromagnetic (Curie 
temperature 77=1800 K, magnetic moment /x=2.8 /%, lat¬ 
tice constant a=3.64±0.01 A). However, so far no direct 
proof has existed that the fee phase in pure iron was possible 
in two spin states. In an attempt to clear up this question, we 
used the capability of small particles obtained by the conden¬ 
sation of a vapor substance in argon (gas evaporation tech¬ 
nique), to retain their high temperature state. 2 A comparison 
of Mossbauer spectra with x-ray diffraction data on thermal 
expansion of such Fe particles gave a direct verification of 
Weiss’s hypothesis 3 for the first lime. 

The Mossbauer spectra obtained at 300 K for particles 
with a diameter of about 50 nm are shown in Fig. 1. Com¬ 
puter analysis of the initial powder revealed two spectra with 
the following hyperfine parameters: (1) an effective magnetic 
field on Fe nuclei //j=330 kOe, a fraction of whole spec¬ 
trum area 5j=37.8%, electric quadrupole interaction A^O, 
an isomer chemical shift 5j=0 (5 is referred to metallic iron 
at room temperature), half a width of the first line 
(I72)i=0.55 mm/s (this spectrum corresponds to a slightly 
disordered bcc-Fe phase); (2) 7/ 2 =360 kOe, S 2 = 62.2%, 
<52=0.02 mm/s, A 2 =0.1 mm/s, (I72) 2 =0.56 mm/s. The su¬ 
perposition of these two spectra demonstrated a complex 
magnetic structure of the sample. At the 'ame time x-ray 
patterns showed the presence of only a bcc-Fe phase with a 
lattice constant a =2.866 ±0.002 A. The Mossbauer spectrum 
of the powder was varied essentially by fast quenching to 
room temperature after heating in argon at r=800°C for 
half an hour [Fig. 1(b)]. The area of such the spectrum with 
the H 2 component was extended to S 2 =82% while the con¬ 
tent of the bcc-Fe phase with the H l component was reduced 
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FIG. 1. Mossbauer spectra of Fe particles with a diameter of 50 nm: (a) the 
initial powder; (b) the same powder after heating at temperature T =800 °C 
for half an hour followed by quenching down to room temperature. 


down to 5,=18%. These results allowed us to suppose that 
the hyperfine magnetic field H 2 in the bcc phase could be 
considered as a remnant of a high spin state available in the 
fcc-Fe phase at high temperature. 

It was interesting to ascertain to what degree the pecu¬ 
liarities of the Mossbauer spectra for Fe particles are retained 
in small particles of an Fe-Ni Invar alloy for which a stabi¬ 
lization of the high temperature fee phase in iron is typical. 
Preliminary results of studies of Fe-Ni alloy particles have 
been published earlier. 4 

Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and Fe- 
Ni(52 wt %) alloys with an average diameter ranging from 5 
to 15 nm were studied by x-ray diffraction and Mossbauer 
spectroscopy. Foil and wire alloys were used for preparing 
samples. They were evaporated within a vacuum chamber 
from W wire placed at the center of a beaker with a diameter 
of 10 cm. The vacuum chamber was filled with argon up to a 
given pressure ranging from 0.08 to 3.5 Torr and a swift 
sample evaporation was made. Metal vapor condensation in 
argon (the gas evaporation technique) resulted in ultrafine 
deposits on the beaker walls formed from spherical particles 
with a narrow size distribution. The following results were 
obtained from the x-ray diffraction measurements, (1) The 
lattice constants for even the smallest particles did not differ 
from those for a bulk solid. (2) The Fe-Ni(52 wt %) alloy 
retained the fee structure whatever the particle size. (3) The 
Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) alloys in a bulk solid 
originally have a fee structure with a small fraction of the 
bcc phase, while the particles with a diameter of 5-8 nm 
consist of only the bcc phase. As the particle size increases 
the content of the fee phase rises while the fraction of the bcc 
phase is reduced. The bcc-fcc transition is completed entirely 
in Fe-Ni(35 wt %) particles with a diameter of about 12 nm 
though larger Fe-Ni(30,3 wt %) particles with a diameter of 
15 nm have a conspicuous bcc phase fraction. 

It should be noted that the observed structural size de¬ 
pendence and stable existence of the bcc phase in small par¬ 
ticles of Fe-enhanced alloys run counter to the expected sup¬ 
pression of the martensite fcc-bcc transition in such 
particles. 5 



FIG. 2. Mossbauer spectra of Fe-Ni alloys; (a) Fe-Ni(30.3 wt %) foil; (b) 
Fe-Ni(35 wt %) powder with a mean particle size of 8 nm; (c) the same 
powder as a previous one heated at temperature T =900 'C for half an hour 
followed by quenching to room temperature. 


Typical Mossbauer spectra for Fe-Ni alloys are shown in 
Fig. 2. The spectra of particles are quite different from spec¬ 
tra of foils. Parameters for the Mossbauer spectra of samples 
are listed in Table I. The spectrum for the Fe-Ni(30.3 wt %) 
foil displays a broad single line [Fig. 2(a)] while the spectra 
for Fe-Ni(35 wt %) foil and Fe-Ni(52 wt %) wire could be 
represented as two 6-line spectra: H j=278 kOe (5 ,=44%), 
H2=238 kOe (S 2 =56%), and //,=308 kOe (5,=50%), 
// 2 =313 kOe (S 2 =50%), respectively. In the case of the Fe- 
Ni(52 wt%) alloy its Mossbauer spectrum pattern and a 
crystalline structure keep under the transition from a bulk 
solid to particles with the diameter of 7 nm. The Fe-Ni(35 
wt %) and Fe-Ni(30.3 wt %) alloys behave the other way 
around, that is the fee structure of the bulk solid changes into 
bcc structure for the particles with a diameter of 5-8 nm. 
The form of the Mossbauer spectrum and the crystallo¬ 
graphic features of the Fe-Ni(30.3% wt %) particles with 
about 15 nm diam, which contain both phases at the 1.3 
fcc/bcc ratio, do not change after exposing samples at 77 K 
for 2 h. 
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TABLE I. Hyperfine size parameters for Fe-Ni samples at 298 K. a 
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33 

5 

- 

- 
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+ 

“ 

20 
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- 

37 

5.5 

- 
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63 
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35 Ni wt % sample 


44 

8 

318 

- 

- 

44 


- 

- 

+ 

12 


318 

- 

- 

40 

8 b 

- 

+ 

- 

43 


— 

~ — 

+ 

17 


‘d— particle size, nm; H ttr — hyperfine magnetic field, kOe; y—single line 
with the isomer shift 8- -0.07 mm/s corresponds to the fee phase; 
6—unresolved structure (“sagging wire"); Cl—clusters of Fe 2+ , Fe 3+ [see 
Fig. 2(b)]; 5—relative area of subspectra, %. 
b Sample after heating at 7"=900 °C for 2 h. 


The spectrum for Fe-Ni(35 wt %) particles with a mean 
diameter of 8 nm, as shown in Fig. 2(b), could be repre¬ 
sented by two 6-line spectra; //,=345 kOe (5,=44%) and 
// 2 =318 kOe (S 2 =44%) with a small fraction of Fe 3+ and 
Fe 2+ oxides. Practically the same value of H t and H 2 were 
observed for the Fe-Ni(30.3 wt %) particles with diameters 
in the range of 5-8 nm. When the Fe-Ni(30,3 wt %) and 
Fe-Ni(35 wt %) the smallest particles of 5-8 nm size were 
quenched from 900 °C to room temperature, the 6-line spec¬ 
trum with //j=345 kOe transformed into a central line 
(5! =43%, <5[ = -0.07 mm/s) [Fig. 2(c)] with simultaneously 
about twice the increase of the particle size. This spectrum 
transformation is undoubtedly due to a bcc-fcc phase transi¬ 
tion. This is also borne out with the appearance of the narrow 
central line (5[=57%, <5) = -0.05 mm/s) corresponding to 
the fee phase side by side with the 6-line spectrum (H z = 330 


kOe, S 2 =43%, (52=0.02 mm/s, A 2 =0.02 mm/s) correspond¬ 
ing to the bcc phase for the Fe-Ni(30.3% wt %) particles 
with a mean diameter of 15 nm (see Table I). 

IV. CONCLUSIONS 

As in the case of the small particles of both pure iron and 
Fe-Ni alloy the Mossbauer spectra have a complex structure 
indicating, probably, the essential role of a high temperature 
Fe fee modification which can be displayed in two different 
states depending on the size, the particle making conditions, 
and the heat treatment. 

Though it has been recently shown theoretically that the 
ferromagnetic fee Fe was unstable relative to tetragonal de¬ 
formation, and hence it could not exist itself, 6 nevertheless in 
the case of pure iron the experimental results 3 evidence an 
availability of two spin states in the fee Fe. As for the Fe-Ni 
Invar alloy in this case also the above given experimental 
results indicate the existence, at least, of two spin states in 
the fee phase. So, in accordance with the theory 1 for the 
Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) particles the central 
paramagnetic peak in Fig. 2(c) apparently belongs to an an¬ 
tiferromagnetic low spin state of the fee phase but one of the 
two Mossbauer spectrum components [Fig. 2(c)] with the 
higher hyperfine field (//j=345 kOe) on Fe nuclei, probably, 
corresponds to the hereditary high spin magnetic structure of 
the fee phase in a crystalline bcc structure of small particles. 
This last magnetic structure is formed during a particle mak¬ 
ing procedure. At the same time after the powder heat treat¬ 
ment at a temperature of 900 °C followed by a quenching to 
room temperature it transforms to the low spin state of the 
fee phase simultaneously with the structural bcc-fcc transi¬ 
tion. 
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The transverse magnetoresistance has been measured for the newly discovered magnetically ordered 
icosahedral quasicrystals Al 70 - I Pd 1 5 Mn 15 B JC (x=0,2,4,6,8,10). Experiments were conducted at 4.2 
K in magnetic fields up to 5.5 T. TTie results showed a systematic change as a function of boron 
concentration. The magnetoresistance for x=0,2,4,6 showed a negative field dependence which 
became weak with increasing x. The samples with x=8,10 showed a negative magnetoresistance at 
low fields, which became positive for higher applied fields. The minimum in the magnetoresistance 
shifted to lower field value with increasing boron content (to about 0.5 T for 10 at. %B). The 
analysis of the results has been based on the theory of three-dimensional weak localization, with a 
strong influence of spin-orbit scattering. The magnetoresistance is negative for low boron 
concentration due to weak spin-orbit scattering, and is positive for high boron concentration due to 
strong spin-orbit scattering. 


I. INTRODUCTION 


III. RESULTS AND DISCUSSION 


Since the first discovery of quasicrystals in Al-Mn 
alloys 1 the influence of the quasiperiodicity on the physical 
properties has been studied extensively. In particular, the ef¬ 
fect of the local icosahedral symmetry on the magnetic and 
electronic properties has been of particular interest. 2,3 Quasi¬ 
crystals show magnetic behavior that ranees from diamag¬ 
netic to ferromagnetic. 3 Most quasicrystal!-ne materials have 
been reported to be either diamagnetic or paramagnetic, 
while a few have exhibited spin glasslike behavior. 3 Weak 
ferromagnetism has been found in Al-Ce-Fe, 4 Al-Mn-Ge, 5 
and Al-Mn-Si. 6,7 

Recently a new class of Al-Pd-Mn-B quasicrystals with 
large magnetization (~5X10~ 7 Hm 2 kg -1 ) and Curie tem¬ 
peratures around 500 K have been reported. 8 The room- 
temperature magnetization was found to increase with in¬ 
creasing B content in the series of alloys of the composition 
Alyo-jPd^Mn^Bjj. The magnetization is observed only in 
the metastable quasicrystalline phase and is not present in the 
equilibrium crystalline phase. In this work the magnetoresis¬ 
tance of Alvo-jtPd^Mn^B* has been investigated at 4.2 K. 
Weak localization theory is used to analyze the result and 
deduce the inelastic scattering time r, and spin-orbit scatter¬ 
ing time Tjq . 


II. EXPERIMENTAL METHODS 

Al 70 _*Pd 15 Mn ls B* alloy ingots were prepared from high 
purity elements by arc melting followed by melt spinning 
onto a copper roller with a surface speed of 60 m s -1 . Re¬ 
sulting ribbons had cross sections of ~25 pm thick by ~ 1.5 
mm wide. The single phase quasicrystalline nature of the 
ribbons was confirmed by room temperature x-ray diffraction 
using Cu-K a radiation on a Siemens D500 scanning diffrac¬ 
tometer. The magnetoresistance was measured at 4.2 K in a 
transverse field up to 5.5 T using a conventional four-point 
dc technique. The electrical leads were attached to the 
sample using silver loaded epoxy. 


Weak localization (WL) effects are manifested at low 
temperature as small quantum perturbations of the classical 
Boltzmann conductivity and can provide detailed informa¬ 
tion about the electron scattering processes. The theory of 
WL has had reasonable success in explaining the anomalous 
behavior of the transport properties of three-dimensional dis¬ 
ordered systems. 9 ' 10 The magnetoresistance is negative in the 
case of weak spin-orbit scattering systems, i.e., In 

the case of strong spin-orbit scattering systems the magne- 
toresistancc is positive and T f >r so . 

The magnetoresistance, A p/p 2 , due to WL effects is 
given as a function of the applied magnetic field, B, by the 
model of Altshuler et al. n as 




where 


( 1 ) 


B,= 


StreDT, ’ 


B so -Bi+ 


h 


4 rteD 7c, 


( 2 ) 

(3) 


and D is the diffusion coefficient and a accounts for uncer¬ 
tainties in sample geometry. The function / 3 (x) is the Kawa- 
bata function given by 12 


fs(x)= 2 


n = 0 


2 «+ 1 + 


1/2 


1\ 1/2 

-2|n+- 





(4) 


The transverse magnetoresistance measured at 4.2 K for the 
Al 70 _ A .Pd ls Mn 15 B i (x=0,2,4,6,8,10) alloys is shown in Fig. 
1. The magnetoresistance is negative for x«6 and positive 
for x=8 and 10. Data have been fit to Eq. (1) using standard 
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FIG. 1. The transverse magnetoresistance measured at 4.2 K for the 
Al 70 - x Pd, 5 Mn l5 B I (*=0,2,4,6,8,10) alloys. Least-squares fits to Eq. (1) are 
illustrated by the solid and broken lines. 


nonlinear least-squares methods. The slowly converging 
function f 3 (x ) used by Kawabata 12 was replaced by the more 
compact form proposed by Baxter et al. 13 



The diffusion coefficient is taken to be 0.075 cm 2 s -1 , 14 from 
literature values for similar Al-Mn-Pd based quasicrystals. 
The characteristic scattering times r f and are obtained as 
free parameters in the fits. The parameters obtained from 
these fits are summarized in Table I and fitted curves are 
illustrated in Fig. 1. 

Equation (1) gives a good fit to the data for the two 
alloys with the strongest spin-orbit scattering and positive 
A pip 2 , i.e., alloys with 8 and 10 at. % boron. The presence of 
strong spin-orbit scattering in these alloys is evidenced by 
the relative values obtained from the fits to the scattering 
times; r, >r so . The fit for alloys with weak spin-orbit scatter¬ 
ing, i.e., alloys with 0,2 and 4 at. % boron, indicates that the 
relative scattering times are ^<7^. The alloy with x-6 
at. % boron exhibits complex behavior of A p/p 2 as a function 


TABLE I. Scattering times and coefficient values obtained by fitting mea¬ 
sured magnet (resistance data to Eq. (1). 


x (at. %) 

(/> 

O 

1 

o 

T w (10" lo s) 

0 

2.51 

9.8 

2 

1.96 

960 

4 

2.59 

0.57 

8 

0.30 

0.0015 

10 

0.22 

0.0015 


of applied field. Subsequently the function given in Eq. (1) 
does not provide a suitable fit to the experimental data for the 
alloy of this composition. 

IV. CONCLUSIONS 

The values of the parameters given in Table I as well as 
the qualitative behavior of the experimental data as illus¬ 
trated in Fig. 1 demonstrate a crossover from weak spin-orbit 
scattering to strong spin-orbit scattering as a function of in¬ 
creasing boron content in the alloys. This crossover corre¬ 
sponds to a transition from t;<t s0 to and a corre¬ 

sponding loss of phase coherence in the scattering. The 
present experimental results have demonstrated that the 
theory of WL gives at least a semiquantitative description of 
the magnetoresistance of magnetically ordered 
Al 70 _ x Pd 15 Mn ls B i quasicrystals; in particular those which 
exhibit strong spin-orbit scattering. WL theory gives a poorer 
quantitative description of weak and intermediate spin-orbit 
scattering. The breakdown of the theory for similar cases in 
three-dimensional systems have been reported by other 
authors. 15 The increase in the spin-orbit component of the 
scattering which results from the increase in boron content of 
the alloys may be seen as an increase in the d-band density 
of states at the Fermi energy. This is consistent with the 
observed increase in the strength of the magnetic coupling in 
these alloys as indicated by an increase in measured 
magnetization. 8 
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The magnetic and electrical transport properties of amorphous Fe-Zr based alloys with compositions 
near 10 at. % Zr with various elements substituted for Fe are of particular interest. In the case of Mn 
substitutions the Curie temperature and the average magnetic moment decrease monotonically with 
increasing Mn content and the temperature dependence of the magnetization is significantly 
modified. The electrical transport properties of amorphous Fego.^Mn^Zrjo (for *=0, 4, 8, ar d 12) 
over the temperature range of 4.2-300 K and the magnetoresistance for fields up to 4.0 T at 4.2 K 
are reported in the present work. Abroad minimum in the resistivity is observed at around 255,235, 
200, and 180 K. for the four compositions, respectively. In the case of the x - =8 sample a second 
minimum occurs at around 50 K. The magnetoresistance of all samples shows a sharp increase for 
small fields and a linear field relationship for fields above about 0.1 T. 


I. INTRODUCTION 

The amorphous FeZr (a-FeZr) alloys with compositions 
near 10 at. % Zr form an interesting disordered magnetic 
phase. A variety of unusual properties, e.g., small Fe mo¬ 
ment, low Curie temperature ( T c ), a large high field suscep¬ 
tibility, etc., have been observed in these materials. The re¬ 
placement of Fe with other 3 d -transition metals (TM) can 
introduce significant changes in the magnetic properties. In 
particular Mn substitutions 1 have the following effects on 
a-FeZr: (1) a monotonic decrease in T c with increasing Mn 
content, (2) a large high field susceptibility for alloys with up 
to at least 10 at. % Mn, and (3) re-entrant behavior of the 
initial susceptibility for samples with Mn content up to at 
least 10 at. %. 

As the Mn substituted alloys show re-entrant magnetic 
behavior over a wide range of compositions, i.e., 0-10 at, % 
Mn, these samples are a suitable means for investigating the 
details of the magnetic transitions in amorphous 
ferromagnets. 2,3 Few magnetic and elec‘ronic transport stud¬ 
ies have been reported for Mn substituted o-FeZr alloys and 
these do not allow for well-defined conclusions concerning 
the inter-relationship of magnetism and electronic properties. 
In the present work we report the results of a detailed inves¬ 
tigation of resistivity and magnetoresistance of 
a-Fe 90 . x Mn^Zri 0 alloys over the temperature range of 4.2- 
300 K. Particular emphasis is placed on the regions near 
magnetic phase transitions with the idea of improving our 
understanding of the effects of magnetic interactions on elec¬ 
tron scattering mechanisms. 

II. EXPERIMENTAL METHODS 

Amorphous alloys of the composition Fe 9 o-. Jl Ma t Zri 0 
with x=0, 4, 8, and 12 were prepared by arc melting high 
purity elemental components followed by quenching from 
the melt on to a single Cu roller in an argon atmosphere. 


X-ray diffraction patterns obtained using Cu Ka radiation 
confirmed the amorphous nature of all as-prepared ribbons. 
The magnetic properties of the alloys were characterized by 
standard ac susceptibility measurements and will be pre¬ 
sented in detail elsewhere.'' Four-point resistivity and mag¬ 
netoresistance measurements were carried out over the tem¬ 
perature range of 4.2-300 K in applied magnetic field from 0 
to 4.5 T using standard dc techniques. 

III. RESULTS AND DISCUSSION 

The temperature dependence of the reduced electrical 
resistivity, p(T)lp {300 K) for the a-Fe 90 _*Mn*Zr 10 samples 
is illustrated in Fig. 1. The magnetic data (observed T c ) and 
the resistivity data (T min ) of this series of alloys is shown in 
Fig. 2. It is clear from the figures that 



FIG. 1. p(F)/lp(4.2 K)] as. a function of temperature for «-Fe 90 _,Mn < Zr 10 
with at= 0, 4, 8, and 12. 
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FIG. 2. r mta (O) and T c ( 0 ) as a function of Mn concentration (x) for 
a ‘F e $ 0 -*Mn 1 Zr I0 . 


(1) all samples show a resistivity minimum at a temperature 
(T mi „) near T c , 

(2) both T c and T min decrease by about 30% as x increases 
to 12 at. %, 

(3) in the case of x=0 and x=4 a small anomaly in the 
resistivity at low temperatures (~20 K) is observed, 

(4) a second minimum is observed at low temperatures for 8 
at. % of Mn and a broad minimum is observed in the 
case of 12 at. % of Mn alloy. 

These observations suggest that the resistivity minimum 
around T c is closely correlated to the magnetic behavior. 
This is in agreement with the results of studies of pressure 
effects on T c and T min in similar alloys. 5 

Magnetoresistance data provide information about the 
microscopic magnetization and can aid in the understanding 
of the relationship between magnetic interactions ant, elec¬ 
tron scattering mechanisms. Spin disorder scattering and the 
Kondo effect (in the case of dilute magnetic alloys) can ac¬ 
count for the differences between the zero field and the in¬ 
field resistivity. This scattering is expected to be sensitive to 
magnetic ordering on a distance scale comparable to the 
electron mean free path in the alloys. On the other hand, the 
coherent-exchange scattering (CES) model, which is well 
suited to magnetic systems, takes into account the contribu¬ 
tion to resistivity from coherent exchange scattering by 
neighboring ions and predicts . at the change in resistivity 
due to magnetic ordering is either positive or negative de¬ 
pending on whether the interference between the scattered 
waves is constructive or destructive. 

In order to determine the effects of an applied magnetic 
field on the resistivity minimum, we have carried out tem¬ 
perature dependent resistivity measurements in external 
fields of 0.7 and 4.0 T. Figure 3 illustrates that there is a shift 
in 7 mil) as the applied field is increased. It is also evident that 
the external field suppresses the minimum. Transverse and 
longitudinal magnetoresistance measurements were carried 
out in a field of 4.5 T at 4.2 K and the results for samples 
with x=0, 4, 8, and 12 are shown in Fig. 4. The magnetore¬ 
sistance increases monotonicaily with applied field and the 
slope is observed to be positive for both geometries. It is also 



T (K) 

FIG. 3. Normalized resistivity, p(T)l[p {70 K)], as a function of temperature 
for a-Fe S0 _, t Mn t Zr IO with (a) x=0 and (b) x=8 for different values of the 
applied magnetic field: 0 T (■); 0.7 T (O); and 4.0 T (•). 

seen that the magnitude of the spontaneous resistive anisot¬ 
ropy decreases with increasing Mn concentration. The tech¬ 
nical saturation is achieved at lower applied field values in 
the longitudinal mode than in the transverse case and this is 
an indication that the domain rotation process occurs at 
lower fields for the longitudinal geometry. 

The present materials are concentrated magnetic alloys 
and variations in the exchange interaction between localized 



FIG. 4. Ap/p 0 =[p(//,7')-p(0,r)l/[p(0,r)) as a function of applied mag¬ 
netic field for x=0 (0,0); x=4 (T,V); x=8 (■,□); and x=\2 (A, A). 
Closed symbols represent the transverse mode and open symbols represent 
the longitudinal mode. Inset: magnetoresistance as a function of temperature 
for x =0 (closed symbols) and x =8 (open symbols) in an applied field of 0.7 
T (□,■) and 4.0 T (0,0). 
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moments at the first nearest-neighbor distance will result in 
the formation of regions of short range ferromagnetic and 
antiferromagnetic order. The large values of high field sus¬ 
ceptibility which have been observed for the present series 1 
have been interpreted in terms of weakly coupled antiferro¬ 
magnetic spins and are a prerequisite for the existence of a 
Kondo anomaly. However, the longitudinal magnetoresis¬ 
tance as measured in the present work is positive at all tem¬ 
peratures (see insert in Fig. 4 for x-0 and 8) and this is 
inconsistent with the assumption that is due to Kondo 
behavior. It is also seen that the magnetoresistance shows a 
maximum at a temperature near T c . Similar behavior has 
also been observed in rare earth-transition metal alloys 6 and 
has been attributed to the effects of coherent exchange scat¬ 


tering. The present results are, therefore, consistent with the 
CES model and it is suggested that the magnetic and elec¬ 
tronic transport behavior observed for the series of 
£z-Fe 90 _, t Mn t Zr ]0 alloys can be explained on the basis of this 
model. 
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An initial study of the field dependence of 59 Co nuclear magnetic resonance (NMR) has been 
undertaken for two Co/Cu(lll) multilayer films grown by molecular beam epitaxy. The multilayer 
structure of the films was nominally identical, [Co(15 A)/Cu(7 A)] x2 o, however by growing the 
multilayers with similar structures on different buffer layers, Cu (200 A) and Au (10 A), saturation 
magnetoresistances A R/R of 4% and 22%, respectively, were obtained. The NMR signal in 
ferromagnetic materials arises due to the enhancement effect from the electronic magnetization. 

This enhancement effect is therefore a function of the domain structure and any external magnetic 
field. By applying a simple model of how the NMR enhancement factor varies with applied field, in 
the absence of a domain structure, the anisotropy fields at the interfaces and in the bulk were 
determined separately at T =4.2 T. These were then compared with the coercive field obtained from 
magnetization measurements. Our results show that at low temperature the anisotropy field at the 
interfaces is approximately equal to the coercivity obtained from magnetization measurements (260 
Oe), while in the bulk the anisotropy field was found to be ~550 Oe for the low magnetoresistance 
sample with hR/R=4%, and ~1230 Oe for the high magnetoresistance sample with &R/R=22%. 


I. INTRODUCTION 

The technique of spin echo nuclear magnetic resonance 
(NMR) using the 59 Co nucleus has already provided signifi¬ 
cant structural information on Co/Cu(lll) superlattices . 1-3 In 
particular it has been established that sharp interfaces in mo¬ 
lecular beam epitaxy (MBE) grown Co/Cu(lll) multilayers 
are not incompatible with giant magnetoresistance (GMR ). 4 
This article extends the NMR work on these materials by 
considering the field dependence of the NMR at a tempera¬ 
ture of 4.2 K. Investigating the field dependence of the NMR 
in ferromagnetic materials allows the change in the enhance¬ 
ment factor of the signal intensity to be examined, which can 
then be related to the domain structure and anisotropy fields. 

In MBE grown Co/Cu(lll) multilayers the NMR fre¬ 
quency of the nuclei with parent atoms at a plane interface 
(nine nearest-neighbor Co atoms and three nearest-neighbor 
Cu atoms) is ~46 MHz below that of those nuclei in the bulk 
(12 nearest-neighbor Co atoms). This separation allows inde¬ 
pendent investigation of the magnetic environment associ¬ 
ated with the interfaces and the bulk. If a magnetic field large 
enough to remove the domain structure is applied, the anisot¬ 
ropy field can be determined from the field dependence of 
the NMR signal. Hence the anisotropy field can be deter¬ 
mined separately for the interfaces and the bulk. 


II. THEORY 


MBE grown Co/Cu(lll) superlattices, B cff is essentially de¬ 
termined by the parent atom and the surrounding nearest- 
neighbor atoms. Thus fl cff can be written as 

B ef f=a f is M +b'Zfi i , ( 1 ) 

where the first term is due to the parent atom and the second 
term is due to the nearest neighbors. Work on Co/Cu alloys 
and multilayer materials 3,5,6 has shown that the second term 
contributes a discrete shift of about -16 MHz per atom 
when a nearest-neighbor Co atom is replaced by a Cu atom. 

NMR is observable in ferromagnetic materials due to the 
enhancement effect . 7,8 The amplitude of the rf field experi¬ 
enced by a nucleus has two components: a regular compo¬ 
nent due to the applied rf field, and an enhanced component 
due to the oscillation of the electronic magnetization induced 
by the applied rf field. In a domain wall or in a domain 
within a low anisotropy material the enhancement factor is of 
the order of rf** I0 3 . Thus the response of the nuclei to an 
applied resonance rf field is largely determined by the elec¬ 
tronic enhancement factor ( 77 ). In a spin echo experiment the 
magnitude of the received echo is also proportional to rj. 

The enhancement factor varies according to the situation 
of the electron spin moments responsible for the electronic 
magnetization. In the absence of domain walls the strength 
of the NMR signal for a particular environment can be re¬ 
lated to the domain enhancement factor % where by 


The utility of 59 Co NMR arises from the fact that the 
effective field (B eff ) experienced by a nucleus depends on the 
atomic environment of the parent atom. When applied to 


'’Permanent address: Dept, of Electronics, Fukuoka Institute of Technology, 
Wajira, Fukuoka, Japan. 


signal^ 7) d <x 


Beff 

Bapp4"B ani 


( 2 ) 


where B eff is the effective field at the nucleus, B app is the 
applied field, £ am is the anisotropy field experienced by the 
atoms under consideration. 
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FIG. 1. 5, Co NMR spectrum for good quality Co/Cu(lll) multilayer films (a) sample No. 66 AR/R=4%, (b) sample No. 56 ARIR=22%. 


Thus by measuring the NMR intensity as a function of 
field, once a sufficiently large field has been applied to en¬ 
sure that all the domain walls have been swept out, the an¬ 
isotropy field can be determined. 

III. EXPERIMENT 

Two samples, Nos. 66 and 56, were produced under 
similar ultrahigh vacuum conditions by MBE 9 at the SERC 



Applied field (kOe) 



Applied field (kOe) 


facility located at the University of Leeds. The films were 
grown on GaAs(llO) substrates with a Ge(500 A)/Co(15 A) 
buffer layer, a Cu(200 A) seed layer was used for sample No. 
66 and an Au(10 A) seed layer for sample No. 56. The 
multilayer structure consisted of [Co(15 A)Cu(7 A)] x2 o with 
a thin Au cap to inhibit oxidation. The progress of the growth 
was monitored by in situ reflection high energy electron dif¬ 
fraction measurements and these confirmed that they were no 




FIG. 2. Field dependence of 5, Co NMR integrated area for (a) sample No. 66 main peak (b) sample No. 66 interface peak (c) sample No 56 main peak, (d) 
sample No. 56 interface peak. A saturating field of 9 kOe was applied prior to each measurement. 
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TABLE I. Anisotropy fields determined from field dependence of NMR, 
coercivity measured on a VSM. NMR measured at 4.2 K and H c at 8 K. 
Uncertainty in NMR measurements —100 Oe. 


Anisotropy field 

(Oe) Coercive 

_ field 


Sample No. 

A R/R 

Bulk 

Interface 

(Oe) 

66 

4% 

550 

340 

260 

56 

22% 

1230 

360 

260 


gross structural dtffr snces between the films. However re¬ 
cent work 10 has confirmed that in these MBE grown materi¬ 
als an increase in the GMR is correlated with less interfacial 
roughness. The saturation magnetoresistance in a field of —6 
T and a temperature of T= 4.2 K was A R/R =4% for sample 
No. 66 while for No. 56, \R/R=22%. 

The 59 Co NMR was measured using a swept frequency, 
coherently detected spin echo spectrometer. 11 The pulse 
power was adjusted to ensure the maximum response at each 
field and frequency. The data collected were corrected for <o 2 
in the usual way. A further correction to allow for the varia¬ 
tion in spin-spin relaxation time, T 2 , as a function of fre¬ 
quency was also carried out. The final data therefore gave an 
accurate representation of the product of the enhancement 
effect and the number of nuclei in a particular atomic envi¬ 
ronment at all frequencies and fields. 

The coercivity was measured at J=8 K in a PAR 4500 
vibrating sample magnetometer (VSM) fitted with a CF1200 
cryostat and a bipolar power supply. 

IV. RESULTS AND DISCUSSION 

The zero applied field spectrum, shown in Fig. 1 for both 
sample Nos. 66 and 56, demonstrates the typical features of 
a good quality Co/Cu(lll) multilayer, with a peak at —170 
MHz associated with the 3xCu, 9xCo nearest-neighbor 
configuration of a perfect interface, and a main peak at —215 
MHz due to Co atoms in a bulk fee environment. The shift in 
the main peak frequency from the value of 217.4 MHz found 
in free fee Co powder is due to strain caused by the lattice 
mismatch (2%) between Cu and Co which increases the 
atomic spacing of the Co in the plane of the film. The small 
echo intensity between these peaks is probably due to Co 
atoms surrounded by one or two Cu atoms. 

Figure 2 shows the field dependence of the integrated 
echo intensity for both the main peak and interface peak of 
sample Nos. 66 and 56. The parameters obtained from fitting 
Eq. (2) are summarized in Table I. In order to ensure that the 


multilayer was in a single domain state the data was fitted 
over the range of applied field for which the gyromagnetic 
ratio (y) had the value associated with free Co. The gyro- 
magnetic ratio was determined from the shift in NMR peak 
frequency as a function of field. This shift was similar for 
both the interface and bulk peaks in a particular sample, and 
in the absence of domain structure was close to the free Co 
value of y=10.054 MHz/T. 

Table I shows that the interfacial anisotropy field deter¬ 
mined from NMR measurements is, within error, the same 
for both samples and is similar to the coercivity. If these data 
are correlated, then it implies that magnetization reversal is 
nucleated at the interfaces. The anisotropy field measured for 
atoms in a bulk environment is larger than that measured at 
the interfaces, and shows significant differences between the 
two samples. 

V. CONCLUSIONS 

By examining the high field region of the field depen¬ 
dence of the NMR of Co/Cu multilayers, the NMR response 
can be fitted to a simple model that allows independent de¬ 
termination of the anisotropy field in the bulk and at the 
interfaces. Our results show that an anisotropy field, approxi¬ 
mately equal to the coercivity, exists at the interfaces. The 
ratio of bulk to interface anisotropy was found to be approxi¬ 
mately double for the sample exhibiting a stronger GMR 
effect. 
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thickness of the Co layers 
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The dependence of the giant magnetoresistance (GMR) on the thickness of the Co layers in Co/Cu 
multilayers was investigated experimentally. The thickness of the Cu layer was held constant at 
^=19 A, which corresponds to the second maximum of the GMR ratio oscillating dependence on 
t cu . The Co layer thickness was varied from 4.8 to 79.0 A. High resolution transmission electron 
microscopy showed the existence of the two-dimensional artificial superstructure with defined 
periodicity as well as sharp and flat interfaces. From wide angle x-ray diffraction it was concluded 
that at Co layer thickness below 40 A the multilayers are polycrystalline with mainly fee lattice 
structure and (111) texture. In the case of thicker Co layers indications of hep Co could be found. 

The GMR ratio reaches a maximum at Co layer thickness about 11 A. It was shown that the GMR 
in sputtered Co/Cu multilayers is due to spin scattering at the interfaces and resistance is strongly 
influenced by interface scattering. 


I. INTRODUCTION 

Considerable attention is paid in the literature to the gi¬ 
ant magnetoresistance (GMR) effect observed in multilayers 
composed of alternating metal and ferromagnetic layers of 
special thicknesses. Since the discovery of GMR in Fe/Cr 
multilayers, 1 the effect has been observed in a variety of 
multilayer systems. At present the Co/Cu multilayers seem to 
be of the greatest interest because of the large GMR and of 
its weak temperature dependence. 2 " 4 Because of these prop¬ 
erties this system could be a candidate for an application. 

The dependence of the GMR in Co/Cu multilayers on 
the thickness of the Cu interlayers is well known from the 
previous publications. 2,3,5 However the influence of the Co 
layer thickness on the amount of the GMR has not been 
clarified yet. In this article we report about such experiments 
and their results. 


II. EXPERIMENT 

The multilayers Fe(100 A)/[Co(r Co )/Cu(r Cu )] 2 o/Fe(50 A) 
were deposited onto glass substrates (diameter 10 mm) at 
room temperature. The base pressure before the deposition 
was below 8X10 -8 Torr and the Ar pressure during sputter¬ 
ing was kept 6.0 mTorr. The glass substrates were chemically 
cleaned and plasma etched just before the deposition. 

An Fe buffer layer with the thickness r Fe =100 A and Fe 
protective layer at r Fe =50 A were dc magnetron sputtered, 
while the Co/Cu multilayers were deposited by rf sputtering. 
By experience, Co/Cu multilayers with the Fe buffer layer 
usually exhibit a much larger GMR ratio 4,6,7 than systems 
without an Fe buffer, especially in the case of Cu layer thick¬ 
ness below 10 A. The deposition rates were between 1.8 and 
3.0 A/s, calibrated by x-ray fluorescence measurements. The 
thicknesses t Cu , t Co , and t ¥t were determined from the cali¬ 
brated deposition rates and sputtering time as well as 
multilayer cross-sectional investigations by transmission 
electron microscopy (TEM). The multilayers showed the ex- 


a) Present address: Samsung Advanced Institute of Technology, P.O. Box 111, 
Suwon 440-600, Korea. 


istence of a two-dimensional artificial superstructure with de¬ 
fined periodicity, as well as sharp and flat interfaces. 

The magnetoresistance of the multilayers was investi¬ 
gated at room temperature by a four-point method. The elec¬ 
trical current was oriented in plane of the multilayers. The 
external magnetic field was applied in plane perpendicular to 
the current. The magnetoresistance ratio A R/R s is defined by 
AR/R s =(R m -R s )/R s , where R m is a maximum value of the 
resistance, and R s is resistance of multilayer at magnetic 
saturation in the applied magnetic field. The magnetization 
loops of the samples were taken by a vibrating sample mag¬ 
netometer at room temperature. The structure of the multi¬ 
layers was investigated using x-ray diffraction. 

III. RESULTS AND DISCUSSION 

For constant thickness of the Co layers (f Co =10.8 A) the 
oscillation of the GMR ratio A R/R s with variation of the Cu 
interlayer thickness t Cu coincides with the oscillation of the 
saturation field H s . In the thickness interval 6.6 
A=sr C u *530.4 A we found three maxima for the GMR ratio 
A RIR S and the saturation field H s at / Cu equal to 9, 19, and 
30 A, respectively. Our results are in good agreement with 
the results of other authors. 2,3,5 The maximum of the GMR 
ratio (ranging up to Ai?/R 5 =36% at room temperature) was 
always observed for the multilayers with the interlayer thick¬ 
ness / Cu s «9 A. Regarding the thickness of the Cu layer the 
oscillation period is about 10 A. 

In this article the dependence of the GMR on the thick¬ 
ness of the Co layers t Co at constant thickness of the Cu 
interlayers f Cu should be investigated. A thickness t cu =19 A 
(second maximum of the GMR ratio dependence on r Cu ) has 
been selected. By experience, at this thickness the experi¬ 
ments showed good reproducibility. Typical magnetoresis¬ 
tance loops for three samples with various thicknesses of the 
Co layers /q, are given in Fig. 1 for r Co =4.8, 18, and 79 A, 
respectively. 

Figure 2 shows the wide angle x-ray diffraction patterns 
of Co/Cu multilayers with various Co layer thicknesses. At 
r C o<40 A multilayers are fee with predominantly (111) tex¬ 
ture. The same was found in Co/Cu multilayers grown by 
molecular beam epitaxy. 8 With increasing /q, all peaks shift 
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FIG. 1. Transverse magnetoresistance vs in-plane field for three multilayers 
of the form Fe(100 A)/fCo(rG,)/Cu(19 A)] 2l> T ? e(50 A) for Co layer thick¬ 
nesses 4.8, 18, and 79 A at room temperature. 



toward the higher 26 values (smaller value of the lattice, 
peculiar to the Co layers). The intensities of (111), (200), and 
other fee peaks decrease but the intensity of a left-side sat¬ 
ellite peak of (111) increases with t Co increase. This peak 
approximately corresponds to (100) peak of hep Co. The 
presence of the hep phase in sputtered Co/Cu multilayers at 
r Co =30 A was observed by nuclear magnetic resonance spin- 
echo investigation. 9 

The dependences of the GMR ratio A R/R s and the total 
resistance of the multilayers at magnetic saturation R s on the 
thickness of the Co layers are given in Fig. 3. As can be seen 
from Fig. 3 the GMR ratio reaches a maximum 
(AR/R S =25%) at A and decreases with increasing 



thickness of the Co layers. The GMR ratio A R/R s depends 
on A R as well as on R s . Due to the film structure both values 
depend on different ways on the thickness Iq, of the Co 
layers. This needs to separate A R and R s for the discussion. 

The change of the resistance A R of the multilayers is 
given by the difference of the resistance of the multilayer 
system at antiparallel and parallel alignments of the magne¬ 
tization of the adjacent ferromagnetic Co layers. This differ¬ 
ence A R=R m -R s should be solely caused by the difference 
of the spin scattering due to the orientation of the magneti¬ 
zation. Figure 4 shows the dependence of A R on the recip¬ 
rocal thickness 1/fQ, of the Co layers. From the straight line 
for all thicknesses above / Co >10 A it has to concluded that 
the observed GMR is due to interface spin scattering. This 
finding agrees with former results. 10 The decrease of A R at 
layer thickness f Co <10 A (l/r Co >0.11/A) will be discussed 
below. 

The dependence of the resistance R s of the multilayer at 
magnetic saturation on the thickness of the single Co 
layers is given in Fig. 3. Magnetic saturation means that the 
magnetic moment of all single layer Co films are parallel 
aligned, ,'ue to the applied external magnetic field. In this 
case we do not need to separate the spin-dependent part of 
scattering. The application of a model of parallel resistors 
allows us to obtain for the total conductance 1 IR S 
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FIG. 2. Wide angle x-ray diffraction patterns of Co/Cu multilayers with 
various thickness of Co layers (Cu !i a radiation). 


FIG. 4. Magnetoresistance change A R as a function of inverse Co layer 
thickness for the multilayers Fe(100 A)/[Co(f Co )/Cu(19 A))2o/Fc(50 A). 
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where R Fe buffer an ^ Rf c pr0 t are resistances of the Fe buffer 
and Fe protection layers, respectively, N is the number of the 
Co/Cu periods of the multilayers, and -Rq, and Rqo are resis¬ 
tances of the single Cu and Co layers, respectively. 

Since in the present experiments the thicknesses of the 
Fe buffer layer, of the Fe protection layer, of the Cu layers, 
and the number of periods were constant it is assumed in a 
first approximation 

l/R s =A+N/R Co (2) 



with a constant value 


A = (UR fe buffer)+ (l/K Fe pro.) + (AVRcu)- (3) 

This constant value needs a special investigation, which has 
been shown in other publications. 10,11 

The dependence of the total resistance on the thickness 
to, of the Co layers has to be discussed on the thickness 
dependence of the resistivity of the films, including surface 
scattering and the fluctuation of the film thickness. These 
discussions have been given in the past. 11 For a very first 
approach it is assumed that the Co layers are continuous and 
of constant thickness. (The lower thicknesses will be dis¬ 
cussed below.) In this case the resistance Rq, of a single Co 
layer depends on its thickness and is given by 

Rco~ PCoRco/Wcotco* (4) 


where L q, and are the length and width of the Co layers, 
respectively. Due to Sondheimer 12 approximation of Fuchs’ 13 
theory 


PCo-Pcoli+g-j 


(5) 


where and pco are the mean free path of the electrons and 
the resistivity of infinite thick Co films, respectively. In the 
case /co^co which can be assumed in a very first approxi¬ 
mation one obtains 


Pco~ 3^c 0 p Co /8fc 0 , 

(6) 

and 


Rco = b/fco, 

(7) 

where 


, 3 R Co .00 oo 

b= sw^ 0 CoPco=consl 

(8) 

This leads to 


l/R s =A + (N/b)t 2 Co . 

(9) 


In Fig. 5 the inverse 1 /R s of the resistance R s is plotted 
against the square r^o of the thickness of the Co layers, 


FIG. 5. Inverse resistance 1 IR S at magnetic saturation vs square thickness of 
Co layer for Fe(100 A)/[Co(r c „)/Cu(19 A)]2o/Fe(50 A) multilayers. 


which leads to a straight line. Deviation at large thickness are 
explained since there the approximation lco>t Co is not 
longer valid. 

At small thickness t Co <25 A of the Co layer one has to 
take care of the layer roughness, which on mesoscopie scale 
leads to fluctuation of the layer thickness and increases the 
resistance. This effect is not included in the foregoing con¬ 
siderations. The system then is described by Co islands in a 
Cu matrix, which can be seen from Fig. 2. 
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Vertical inhomogeneity of the magnetization reversal in 
antiferromagnetically coupled Co/Cu multilayers at the first maximum 

R. Mattheis, W. Andra, L. Fritzsch, J. Langer, and S. Schmidt 

Institut fur Physikalische Hochtechnologie Jem, PF 100 239, D-07702 Jena, Germany 

Magnetization behavior in antiferromagnetically (AFM) coupled multilayer systems was calculated 
by using an atomic layer model. Comparisons with the experimental results obtained on sputtered 
Co/Cu multilayers reveal remarkable differences in the magnetization reversal and in the field 
dependence of the magnetoresistance. Kerr loops measured from both sides of the stack display 
strong vertical differences. At the lower side near the Fe seed layer the magnetization reversal is in 
good agreement with that of our calculations whereas near the surface in large portions of the stack 
the AFM coupling is destroyed or varied. These effects are presumably caused by magnetic short 
circuits at defects in the multilayer structure. Cross-section transmission electron microscopy 
reveals growth defects which seem to be responsible for the deviations from the calculated ideal 
behavior. 


I. INTRODUCTION 

Due to their large magnetoresistance (MR) value up to 
80% at room temperature, 1 Co/Cu multilayers are favored 
candidates for advanced magnetoresistive applications. A 
large scatter in the amplitude of the MR and also the satura¬ 
tion field, H s has been found. 2-5 Defects in the multilayer 
stack causing magnetic short circuits (MSC) seem to be re¬ 
sponsible. A linear correlation between the amplitude of the 
giant magnetoresistance (GMR) and the antiferromagneti¬ 
cally (AFM) coupled part of the stack was found. 4 

We prepared Co/Cu stacks on thermally oxidized Si wa¬ 
fers and glass plates. Details of the preparation are reported 
elsewhere. 5 Each Co/Cu stack consists of 24 pairs of 1.7 nm 
Co and x nm Cu with a 3.4 nm Co covering layer. In some 
samples a 5 nm Fe buffer layer was used. Magneto-optical 
investigations were performed using the longitudinal Kerr 
effect. For transmission electron microscopy a Philips CM 
20 was used. 

II. RESULTS AND DISCUSSION 

A. Magnetization reversal and GMR calculated for 
Ideal multilayers 

Calculations of the magnetization reversal were per¬ 
formed using the atomic layer model (ALM). 6 Both systems, 
Co/Cu multilayers with and without Fe seed layer, were cal¬ 
culated assuming constant AFM coupling C, between all Co 
layers and vanishing in-plane anisotropy. The field depen¬ 
dence of the MR was estimated by using the angle differ¬ 
ences between nearest Co layers and their parallel connection 
to determine the total resistance. 

A linear dependence of the magnetization and a para¬ 
bolic dependence of the MR were obtained only for a stack 
with two Co layers (« = 2) with no Fe buffer. In Fig. 1 the 
angle of magnetization of each individual Co layer for sys¬ 
tems with even numbers of Co (4 and 24) layers is shown. 
The outermost Co layers, with only one neighboring Co 
layer, react most sensitively and strongly deviate from the 
cosine law throughout the whole magnetization process. The 


inner layers show strong differences only at low fields 
(<0.25 H/H s ). Systems with an odd number of Co layers 
possess a nonvanishing residual magnetization at zero field, 
stable up to a threshold field H th (Fig. 2). The value for // th 
decreases with increasing number of Co layers. The resulting 
M(H) curves are very similar to those with even number of 
bilayers for fields higher than //, h . Our MR curves are nor¬ 
malized with respect to the ordinate (at H=0) as well as to 
the abscissa (at H=H S ). The deviation from the parabolic 
curve is small for even n (Fig. 2). For odd n it decreases with 
increasing number n. 

In the case of an Fe buffer the state at the remanence is 
determined by the Fe layer independent of the number n. 
Therefore, the angle dependence resembles that of one of the 
systems without an Fe buffer and odd n (Fig. 3). With in¬ 
creasing n the curves become more and more similar to those 
without an Fe buffer. In general, a nearly linear behavior of 
the AFM-coupled Co magnetization with increasing field is 
obtained with small deviations at low and high fields. A simi¬ 
lar tendency was found for the magnetoresistivity. 



FIG. 1. Angle of the magnetization of each individual Co layer vs normal¬ 
ized field in a four bilayer (a) and a 24 bilayer (b) stack without an Fe buffer. 
The numbers indicated on the curves refer to the individual Co 'ayer begin¬ 
ning from the substrate surface. In (a) the cosine law is shown as a dotted 
line. This is the exact solution obtained for n =2. 
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FIG. 2. Relative magnetization and normalized MR vs normalized field for 
different numbers of Co/Cu bilayers. The MR values were normalized to a 
value of 2 and 1 for zero field and saturation field H ,, respectively. 



Magnetic field / Oe 


FIG. 5. Kerr loops from frontside (solid line) and backside (dotted line) of 
our Co/Cu system with Fe buffer. Backside means substrate side. The small 
Faraday rotation caused by the glass substrate was taken away. It is obvious 
that the AFM fraction measured from the backside is larger than that mea¬ 
sured from the frontside. The ferromagnetic fraction detected from the back¬ 
side is due to the Fe buffer. 



FIG. 3. Angle of the magnetization of each individual Co layer vs normal¬ 
ized field in a five bilayer stack without Fe buffer (a) and four bilayer stack 
with Fe buffer (b). In the stack without Fe buffer (a) the magnetization in the 
first and fifth layer as well as in the second and fourth layer is identical. 
Additionally in (a) the position of the threshold field is indicated. 



Field/Oe 


FIG. 4. Resistance vs applied field for our Co/Cu system with and without 
Fe buffer at the first maximum. The inset shows the amplitude of the GMR 
vs the thickness of the Cu spacer layer. 


B. Experimental results 

An Fe buffer causes a strong increase in the amplitude of 
GMR and also of the saturation field H s (Fig. 4). The mea¬ 
sured dependence of R(H) in both systems is different from 
the one calculated in A but nearly the same on glass and 
thermally oxidized silicon. 

The magnetization reversal was studied by Kerr loops 
taken from both sides of the multilayers on glass substrates 
(information depth -25 nm). 7 For a multilayer with an Fe 
buffer (Fig. 5) the Kerr angle rotation resembles the calcu¬ 
lated magnetization curve only at the lower part of the stack 
near the Fe buffer. Due to differences in H c for Fe and Co 
(Fig. 5) we estimated that 100% of the lower and 60% of the 
upper part are AFM coupled; Bearing in mind the results of 
our structural investigations, layer defects concentrated in 
the upper part may be responsible for the observed behavior. 
The Kerr loops on Co/Cu multilayers without Fe buffers 
(Fig. 6) show a remarkable proportion of ferromagnetically 
coupled Co even near the substrate. 

Cross-section transmission electron microscopy (XTEM) 
on stacks with Fe buffers (Fig. 7) reveals that the interfaces 
between Co and Cu get rougher with increasing distance 
from the substrate surface. At the arrow the metallic layers 
are interrupted and slightly shifted due to a grain boundary. 
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FIG. 6. Kerr loops from frontside (solid line) and backside (dotted line) of 
our Co/Cu system without Fe buffer. The small Faraday rotation caused by 
the glass substrate was taken away. 
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FIG. 7. Low magnification cross-sectional image of the system 
Si/SiOj/Fe(50 A)/[Co(17 A)/Cu(22 A)] 24 /Co(34 A), underfocus. The arrow 
indicates a defect induced by a grain boundary. Co layers appear darker, Cu 
layers lighter. 

In all other areas the metallic layers exhibit continuous 
straight lines without defects. The cross sections of multilay¬ 
ers without Fe buffers show smaller grains both in lateral and 
vertical dimension. Because of the greater number of grain 
boundaries it is reasonable that these systems contain more 
defects in their layer structure. Moreover, the interfaces be¬ 
tween the layers are rougher compared to systems with Fe 
buffers. 

C. Influence of structural defects 

To check the influence of a lateral defect causing a MSC 
between neighboring Co layers a model similar to the ALM 
was used. The MSC was assumed to have the shape of a 
nearly straight line with a width of a few lattice constants. 
This may be caused by grain grooving at the grain boundary 


as is depicted in the marked region in Fig. 7. The two Co 
layers are magnetized in antiparallel directions for H=0 a 
great distance from the MSC. Due to the ferromagnetic ex¬ 
change coupling at the MSC the magnetization directions are 
locally rotated towards the defect line. Taking into account 
the coupling between the two short circuited layers and in¬ 
cluding their nearest Co neighbors, the local magnetization 
distribution can be calculated. First estimations yielded a 
width of the magnetization distortion in the range of 10-100 
nm depending on the coefficient of a AFM coupling. 

III. CONCLUSIONS 

Deviations from the simple cosine law for the calculated 
field dependence of the direction of magnetization were 
found in all systems with Fe buffer layer and in systems 
without Fe for n> 2. These deviations are primarily limited 
to the outer layers on both sides. Comparisons between the 
calculated and measured magnetization and MR curves dis¬ 
play remarkable differences. Depth selective Kerr loops 
show strong indications for vertical inhomogeneities. These 
are probably caused by defect regions responsible for the 
ferromagnetic part of the magnetic reversal of the upper lay¬ 
ers. XTEM investigations reveal MSCs at grain boundaries 
which could be a possible source for the observed effects. 
The use of the Fe buffer layer seems to improve the perfec¬ 
tion of the multilayer structure, at least for the first layers of 
the stack. 

ACKNOWLEDGMENTS 

We thank Dr. D. Hesse and Dr. S. Senz of the Max- 
Planck Institute in Halle for assistance with the TEM inves¬ 
tigations and for many fruitful discussions. 

1 H. Kano, K. Kagawa, A. Suzuki, A. Okabe, K. Hayashi, and K. Aso, Appl. 
Phys. Lett. 63, 2839 (1993). 

2 M. E. Tomlinson, R. J. Pollard, D. G. Lord, P. J. Grundy, and Z. Chun, 
IEEE Trans. Magn. MAG-28, 2662 (1992). 

3 S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152 
(1991). 

4 G. Rupp and H. A. M. van den Berg, IEEE Trans. Magn. MAG-29, 3102 
(1993). 

5 R. Mattheis, W. Andrii, Jr., L. Frilzsch, A. Hubert, M. Ruhrig, .id F. 
Thrum, J. Magn. Magn. Mater. 121, 424 (1993). 

6 W. Andrii, IEEE Trans. Magn. MAG-2, 560 (1966). 

7 G. Trager, L. Wenzel, and A. Hubert, Phys. Status Solidi A 131, 201 
(1992). 


6512 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Mattheis et al. 






Magnetic and structural studies of sputtered Co/Cu multilayer films 
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The structure and magnetic properties of sputtered Co/Cu multilayer films with various layer 
thicknesses have been studied. X-ray diffractometry and high resolution electron microscopy show 
the films to be polycrystalline with a fee structure and strong [111] texture in the growth direction. 

The magnetoresistance (MR) of the films depends critically on Cu layer thickness (/q,), with 
maximum values for films with t Cu around 1 nm. Large differences in saturating field are seen for 
films with f Cu and differing by a nominal 0.1 nm. The magnetic domain structure, studied using 
Lorentz microscopy, shows strong dependence on r Cu . High MR-value films showed evidence of 
antiphase magnetic domain boundaries. The high MR samples show antiferromagnetic coupling, 
with higher saturating fields than seen in the ferromagnetically coupled films. 


I. INTRODUCTION 

Multilayer films (MLFs) exhibiting giant magnetoresis¬ 
tance (GMR) are of interest both because of their fundamen¬ 
tal properties and because of their potential development as 
magnetoresistive read heads and sensors. GMR was first dis¬ 
covered in Fe/Cr MLFs grown by molecular beam epitaxy, 1 
and is attributed to the spin dependent scattering of conduc¬ 
tion electrons, arising from the antiferromagnetic (AFM) 
alignment of the magnetization in adjacent Fe layers across 
the Cr layers. The interlayer exchange coupling associated 
with the AFM alignment is oscillatory with increasing non¬ 
magnetic layer thickness. 2 Parkin et al. reported resistance 
changes up to 65% at room temperature, in an applied mag¬ 
netic field of 10 kOe, for Co/Cu MLFs, 3 and in addition, the 
interlayer coupling constant of the Co/Cu MLFs has been 
reported to be about 8 times smaller than that of 
Fe(001)/Cr(001). 4 These properties make Co/Cu a promising 
system for magnetic sensors or magnetoresistive read heads 
to replace conventional inductive read heads. 

In this article, we report the results of a study of the 
correlation of the microstructure and magnetic domain struc¬ 
ture of sputtered polycrystalline Co/Cu MLFs with the MR 
and interlayer magnetic coupling. 


II. EXPERIMENTAL TECHNIQUES 

Co/Cu MLFs were deposited onto native oxide-coated Si 
(100) wafers in an UHV dc-magnetron sputtering system at 
the University of Cambridge. A series of 40 period MLFs, 
with Co layer thickness, of 1.9 and 2.0 nm and t Cu 
between 0.5 and 1.3 nm, were grown under 0.68 Pa of argon. 

The crystallographic structure and periodicity of the 
MLFs were studied using a Philips x-ray diffractometer. The 
atomic-scale structure of the films, and the layer thicknesses, 
were determined from cross-sectional transmission electron 
microscopy (TEM) specimens using a JEOL 4000 EX 
HREM. Plan-view specimens were prepared for TEM and 
Lorentz microscopy by chemical or argon ion etching, or by 
floating the films off the substrates. Optical diffractogram 


(ODM) analysis of the high-resolution electron microscopy 
(HREM) negatives was used to determine the crystal struc¬ 
ture of individual crystallites. 

The magnetic domain structure was investigated by Lor¬ 
entz microscopy, using the Foucault mode which reveals the 
magnetic domains as areas of different intensity. Use of a 
specially designed objective aperture mechanism 5 enabled 
high quality Foucault images to be obtained. Hysteresis 
curves were obtained at room temperature using an alternat¬ 
ing gradient force magnetometer (AGFM) at Bangor Univer¬ 
sity. An applied magnetic field of up to 3 kOe was used both 
parallel to and perpendicular to the film plane. 

The MR of the Co/Cu MLFs was measured by the four- 
point probe method with magnetic fields parallel to both the 
film plane and the measuring current at room temperature. 
The MR ratio was calculated according to 

~ (flw-Ksa.Wsa. > 

where R H is the resistance in an applied magnetic field H, 
and R m is the resistance under a saturating magnetic field. 

III. RESULTS AND DISCUSSION 

Figure 1 shows (a) small-angle and (b) high-angle x-ray 
diffraction (XRD) patterns from two Co/Cu MLFs with 
r Co =2.0 nm, and to,=0.5 and 1.0 nm. The strong low-angle 
peaks confirm the clear compositional modulation of the 
films, and the bilayer thicknesses calculated from the peaks 
using Bragg’s law agree well with the nominal values. The 
high-angle patterns show a single strong peak between the 
bulk Cu and Co fee 111 peak positions (calibrated against the 
Si 200 peak). With increasing Cu layer thickness the peak 
shifts toward lower angles. This shift, combined with the 
small peak width, suggests that large areas of the Co/Cu 
interfaces are coherent. The Co/Cu MLFs have a strong crys¬ 
tallographic texture, with a predominantly fee structure and 
{111} parallel to the film plane. The difference in peak 
heights between curves A and B is due to differences in 
specimen area and is therefore not significant. 

The [111] texture was confirmed by selected area elec¬ 
tron diffraction of both plan-view and cross-sectional speci- 
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FIG. 1. (a) Low-angle and (b) high-angle XRD patterns from 
(Co 20 nrn/Cui o nm )<0 (curve A) and (Co 2 .„ nm /Cuoj ^ (curve B) MLFs. 
Vertical scale is the intensity in arbitrary units. A and B have been displaced 
vertically for clarity. 


mens. ODM analysis of the HREM images show a dominant 
fee structure with a lattice spacing in agreement with the 
high-angle XRD data. A typical HREM image of a cross- 
sectional specimen of a (Co 20 nm /Cu 1(l nm ) 40 MLF is shown 
in Fig. 2(a). Textured columnar grains growing normal to the 
film plane are visible with a constant crystal structure across 
several layers and coherent Co/Cu interfaces. The columnar 
grain size, determined from both the XRD peak widths and 
the HREM images, has a value of about 11 nm for the film 
shown in Fig. 2. The film quality in all cases is very similar, 
as expected since the growth conditions were similar. Figure 



FIG. 2. (a) HREM image of cross-sectional specimen of (Co 20 aJ 
Cu, 0 m )40 MLF. Columnar grain boundary is marked, (b) Part of same area 
shown in (a) taken out of focus to show position of layers. Light contrast Cu 
layers arc arrowed. 
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FIG. 3. Plots of r vs H (in kOe) for (a) (Co 20 ^/Cu, 0 m ) w (closed circles), 
(b) (Co 19 nm /Cu,., „ m ) 4 o (closed squares), and (c) (Co, 9 nm /Cu 10 nm ) 40 (open 
circles) MLFs. Note the decrease in saturating field for (b) and (c). 


2 (b) shows part of the same area of film, taken out of focus, 
to show the layers. 

The MR ratio varies greatly for the films, depending on 
the thickness of the Cu layers, as has been observed by other 
authors. 6 The (Co 20 nm /Cu 0 5 nm ) 40 film shows zero MR, 
while films with r Cu around 1 nm show saturation MR values 
around 15%, as can be seen in Fig. 3. Each curve is the 
average of three measurements on each of a number of 
samples with the same nominal layer thicknesses (circles— 
two samples, squares—three samples). The error bars are 
only shown for points for which they are larger than the 
symbols used. The most striking observation is the large de¬ 
crease in saturating field for a change in nominal layer thick¬ 
ness of 0.1 nm, resulting in an increase in slope of the r vs H 



FIG. 4. Foucault images of magnetic domain structure in 
(Co, 9 nm /Cu,, „ m ) 4 o MLF showing AFM coupling, (a) and (b), and 
(Co 20 nm/Cuos ^,>40 MLF showing FM coupling (c) and (d). Easy axis of 
magnetisation in film plane for both films. 
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FIG. 5. Hysteresis loops (magnetic moment m in fj. emu against field H in 
kOe) obtained using an AGFM for (a) (Co 19 nm/Cu,, MLF showing 
AFM coupling, and (b) (Co 2 o nn/Cuoj ^,>40 MLF showing FM coupling. 


curve (a steep slope to this curve is required for films to be 
used as MR sensors and heads). The differences in r vs H 
may be related to differences in layer quality. TEM images of 
the (Co 2 ,o nn/Cui o nm ) 40 films show the layers to be less flat 
than those in the t^l.9 nm MLFs with more “faults” in 
the layers. 

The value of MR ratio shown by the Co/Cu MLFs can 
L : determined qualitatively from the type of magnetic do¬ 
main structure observed. Figures 4(a) and 4(b) show the 
magnetic domain structure of a (CO[ 9 nm /Cu l t nm ) 40 MLF 
(r = 15%) imaged using the Foucault technique. The transi¬ 
tion between areas showing bright and dark contrast occurs 
gradually rather than abruptly, with wavy rather than smooth 
boundaries. In addition, the overall change in contrast is rela¬ 
tively low. We attribute these features to the fact that the 


domain walls are in different positions in different layers, 
and to a relatively low degree of ferromagnetic (FM) cou¬ 
pling between the Co layers. The geometry of the domain 
pattern suggest that domains do not extend through the 
whole thickness of the MLF. This effect has also been ob¬ 
served in Fe/Cr MLFs. 7 The fact that domain contrast is vis¬ 
ible is in agreement with the suggestion that antiphase do¬ 
main boundaries parallel to the substrate are present, 8 and 
explains the fact that r(0) is smaller than the ideal value for 
Co/Cu MLFs. In comparison, Figs. 4(c) and 4(d) show a pair 
of Foucault images illustrating the typical magnetic domain 
structure of a (Co 2 . 0 nm /Cu 05 nm ) 40 MLF, which shows a low 
MR. The strong magnetic domain contrast and regular do¬ 
main shape show that the layer coupling is predominantly 
FM. Further evidence for the magnetic layer coupling is 
given by the shape of the hysteresis loops, as seen in Fig. 5 
for films showing high (C 01 9 nm /Cuij nm ) and low MR 

(Co 2 ,0 nm/Cu 0 .5 nm)* 

IV. CONCLUSIONS 

The Co/Cu MLFs show a clear composition modulation 
and are polycrystalline, with columnar grains extending 
across several layers. The films have a strong (111) crystal¬ 
lographic texture with all layers showing a predominantly 
fee structure. Coherent interfaces are observed between the 
Co and Cu layers over large areas. The magnetic domain 
contrast depends strongly on r Cu , which determines the state 
of magnetic coupling. The samples with t Co K=s 2.0 nm and 
fcu^l.O nm show the highest MR, and weak and irregular 
magnetic domain contrast. The magnetization measurements 
confirm that samples showing negligible MR exhibit FM 
coupling. 
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Epitaxial Co/Cr multilayers, and single-crystal Co thin films etc. have been grown on MgO and 
A1 2 0 3 substrates with Cr and Mo as buffer layers by molecular beam epitaxy technique. From the 
structure and magnetoresistance studies, we have found that the ferromagnetic anisotropy of 
resistance (AMR) is strongly influenced by the buffer layer, but with negligible effect due to the 
variation of the structure of Co films. The AMR of Co film on Cr buffer layer is quite small (0.1%); 
however, the MR of Co/Cr multilayers is almost one order larger than the AMR of Co film on Cr 
buffer layer. An enhancement factor of 4 for the MR in Co/Cr multilayers by the interface roughness 
has been observed. This suggests that the effect due to the spin dependent scattering at the interfacial 
regions of the superlattice is larger than that due to the spin dependent scattering in the 
ferromagnetic layers for the MR in the Co/Cr multilayer system. 


During the past several years, the magnetoresistance 
(MR) behaviors in many metallic multilayers have become 
the subject of considerable interest. Large (or giant) MR was 
first realized in Fe/Cr multilayer system, 1 and has been re¬ 
ferred to as GMR. Relatively small MR occurs in the Co/Cr 
multilayers. 2 The MR in multilayers results from the spin 
dependent scattering of the conduction electrons which oc¬ 
curs both in the ferromagnetic layers and at the interfacial 
regions between the ferromagnetic and nonferromagnetic 
layers. It is quite different from the ferromagnetic anisotropy 
of resistance (AMR) in ferromagnetic systems, which de¬ 
pends on the direction of the magnetization. 3 

Epitaxial Co/Cr multilayers as well as single-crystal hcp- 
Co, fcc-Co, and polycrystal Co thin films have been grown 
o ''oth MgO and A1 2 0 3 substracts with Cr and Mo as buffer 
le; .s using an Eiko EL-10A molecular beam epitaxy (MBE) 
system with base pressure of ~2X10“ 10 Torr. Pure elements 
(59.99%) of Co, Cr, and Mo were evaporated from three 
independent e-beam evaporators. During deposition of the 
elements, the growth pressure was controlled at below 
5X10~ 9 Torr, and the deposition rate at ~0.1 A/s. To enable 
the growth of high-quality samples, polished and epitaxial 
grade MgO and A1 2 0 3 substrates were chemically precleaned 
and rinsed in an ultrasonic cleaner. They were hen outgassed 
at 900 to 1000 °C for at least 1/2 h under ultra high vacuum 
in ihe MBE system. For samples with a Mo (or Co) buffer 
layer, Mo (or Co) was deposited on the substrates at 900 (or 
500) °C. The substrate temperature for all films during 
evaporating was kept between 300 and 350 °C. The crystal¬ 
lographic structure of the films were examined, throughout 


all the growth, by reflection high energy electron diffraction 
(RHEED). The interface roughness and the thickness of the 
superlattice structures were determined by the x-ray reflec¬ 
tivity analyses. 

The magnetic properties of all the samples were studied 
by using a SQUID magnetometer. The AMR and MR mea¬ 
surements were carried out by the conventional four probe 
technique. 

Before discussing the experimental data of AMR and 
MR in the CoCr system, we have to clarify their definition. 
The AMR in ferromagnetic films is defined by (R|-R 1 )/R 0 , 
where R 0 is the electrical resistance in zero internal magnetic 
field, and /?{ and R x are the resistances when the saturated 
magnetization is parallel and perpendicular to the current, 
respectively. 

The MR (or GMR) in multilayers is defined as 
[J? af -R iS ]/R 5 , where R s is the electrical resistance at satu¬ 
rated high magnetic field, and the spins in Co layers align in 
the field direction. R^p is the electrical resistance when the 
field is removed, the Co layers adjacent to the Cr layer in- 
between exhibit antiferromagnetic coupling. 

Crystal structures of thin films or multilayers may be 
considerably affected by the choice of buffer layers, sub¬ 
strates, and their orientations. In this study, we chose 
MgO(lOO), A1 2 0 3 (1102), and Al 2 0 3 (0001) as substrates, and 
Cr and Mo as buffer layers to study the variation of AMR for 
Co films. In general, for Co grown on MgO(lOO) substrate 
without a buffer layer, an epitaxial fcc-Co film with (100) 
growth plane can be formed for Co thicknesses larger than 
about 60 A, but for Co grown on an Al 2 0 3 (0001) substrate 
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FIG. 1. Typical RHEED patterns of (a) hcp-Co(U20) plane viewed along 
[0001], and (b) fcc-Co(lOO) plane viewed along [Oilj. The surface with 
solid circles cutting with the unit cell of both hcp(l 120) and fcc(lOO) Co are 
schematically illustrated below each RHEED pictures. 


without a buffer layer, a polycrystal Co film was observed. In 
addition when we grow a thin buffer layer of Cr(100) about 
20 A on either MgO(lOO) or Al 2 O 3 (1102), then both RHEED 
and x-ray diffraction (XRD) studies show an hcp-Co struc¬ 
ture with (1120) plane parallel to the (100) surface of Cr. For 
example, Fig. 1 shows the typical RHEED patterns of (a) 
hcp-Co(1120) plane viewed along [0001], and (b) fcc- 
Co(100) plane viewed along [Oil]. The surfaces with solid 
circles cutting with unit cell of hcp(1120) and fcc(lOO) are 


FIG. 2. The normalized magnetization as a function of magnetic field at 
room temperature for (a) Co/Al 2 0 3 , (b) Co/MgO, (c) Co/Cr/Mgo, (d) Co/ 
Mo/MgO, and (e) Co/Cr/Mo/Al 2 0 3 . 


schematically illustrated below each of the RHEED pictures. 

Figure 2 shows the normalized magnetization as a func¬ 
tion of the magnetic field at room temperature for 5 thin film 
samples (Co/A 1 2 0 3 , Co/MgO, Co/Cr/MgO, Co/Mo/MgO, 
and Co/Cr/Mo/Al 2 0 3 ). Generally speaking, the magnetiza¬ 
tion is saturated after roughly 6 kG for all the samples. Fig¬ 
ure 3 presents the normalized difference of resistance as 
function of the magnetic field at room temperature for 5 thin 
film samples: (a) polycrystal Co on A1 2 0 3 (0001), (b) fcc- 
Co(100) on MgO(lOO), (c) hcp-Co(1120) on Cr(100) which 
is on MgO(lOO), (d) hcp-Co(1120) on Mo(100) which is on 
MgO(lOO), and (e) hcp-Co(1120) on Cr(100) and Mo(100) 
which is on Al 2 O 3 (1102). One can see that the values of 
AMR for both polycrystal- and fcc-Co films without a buffer 
layer are roughly equal to 1.3%. However, the AMRs of all 
ti e Co films with either Cr or Mo as a buffer layer are 
ro 'giily one order of magnitude smaller than that of Co films 
without a buffer layer. Therefore, we conclude that the effect 
to the AMR for Co films with different structure is negli- 



FIG. 3. The normalized difference of electrical resistance between magnetic 
field and zero field as a function of magnetic field at room temperature for 
(a) polycrystal C 0 /AUO 3 , (b) fcc-Co/MgO, (c) hcp-Co/Cr/MgO, (d) hcp-Co/ 
Mo/MgO, and (e) hcp-Co/Cr/Mo/Ai 2 0 3 . 
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FIG. 4. X-ray reflectivity measurement of the samples (a) 
(Co/Cr) 22 /Mo/Al 2 03 , and (b) (Co/Cr) 22 /Mo/MgO. The arrow indicates the 
peak due to the period of the superlattice. The oscillation fringes pattern is 
due to the interference of the x-ray reflection between the two interfaces of 
Mo buffer layer and the interfaces of the total growth thickness. 


gible, if it is compared with the variation due to the addition 
of buffer layers of Cr and Mo. However, the exact mecha¬ 
nism of this reduction in AMR is not clear at present. It is 
noted that the buffer layers are not thick enough to shunt 
enough current to explain this reduction. 

For Co/Cr multilayer samples, we have selected 
MgO(lOO), and Al 2 O 3 (1102) as substrates. The thickness of 
each layer is varied from 4 to 30 A for Cr, and from 20 to 40 
A for Co. We chose Cr as the first layer to form the 
multilayer structures. For samples without a Mo buffer layer, 
we found that the multilayers we made always had polycrys¬ 
tal structure if the thickness of the first Cr layer was less than 
20 A. This result tells us that it is difficult to grow epitaxial 
Co/Cr multilayers on either MgO or A1 2 0 3 with Cr thickness 
less than 20 A and Co thickness less than 60 A. Therefore, 
we selected Mo as a buffer layer (about 100 A) on both MgO 
and A1 2 0 3 substrates to study the epitaxial behavior of the 
Co/Cr multilayer system. From the RHEED and XRD stud¬ 
ies, both hcp-Co and bcc-Cr layers were identified for all the 
multilayer samples on either MgO or A1 2 0 3 substrates. For 
the sake of comparison, Co/Cr multilayer samples with either 
MgO or A1 2 0 3 as substrate were epitaxially grown side by 
side under the same batch of crystal growth process. Any 
difference between these two samples should be due to the 
different substrate only; e.g., the interface roughness of the 
multilayers is one of the important factors. For explanation, 
Fig. 4 shows result of the x-ray reflectivity measurement on 
two samples: (a) (Co^ A/Cr 4 aW M o 88 a/A1 2 0 3 , and (b) 
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FIG. 5. The Normalized resistivity as a function of applied magnetic field at 
10 K for (a) (Co/Cr) 22 /Mo/Al 2 0 3 , and (b) (Co/Cr) 22 /Mo/MgO superlattices. 

(Co 34 A/Cr.| aWMo 88 A/MgO. We can readily see that the 
reflectivity intensity drops more rapidly for the sample 
grown on MgO substrate. The reflectivity formula originally 
derived by Parratt 4 was used for the calculation of intensity 
reflected from a multiple-layer film on a substrate. Interfacial 
inhomogeneity due to roughness was included by adding ef¬ 
fective Debye-Waller factors to each of the layers. 5,6 From 
this analysis the interface roughness of the sample grown on 
MgO is roughly 8 times larger than that on A1 2 0 3 . 

The normalized electrical resistance as a function of ap¬ 
plied field at 10 K for the above two superlattice samples are 
shown in Fig. 5. The MR, i.e., (R-R s )/R s , is roughly about 
2.72%, and 0.65% for (Co/Cr) 22 /Mo/MgO and (Co/Cr) 22 / 
Mo/A 1 2 0 3 , respectively. This tells us that, roughly speaking, 
the MR is enhanced by a factor of 4 in the Co/Cr multilayers 
by the interface roughness. It is suggested that the effect by 
the spin dependent scattering at the interfacial regions of the 
superlattice is larger than that due to the spin dependent scat¬ 
tering in the ferromagnetic layers for the magnetoresistance 
in the Co/Cr multilayer system. 
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Giant magnetoresistance (GMR) of CoNiCu/Cu multilayers grown by electrodeposition was 
measured as a function of the copper layer thickness and effects of the order of 14% were obtained. 
The copper layer thickness ranged from 0.7 to 3.5 nm. Two peaks in the magnetoresistance were 
observed. One was centered at a copper thickness of ~ 1.0 nm and the second was centered at ~2.3 
nm. Comparison of the field dependence of the magnetoresistance with the field dependence of the 
magnetization, as determined by vibrating-sample magnetometer, suggests that the saturation field 
for GMR and the magnetization are similar for the larger copper thicknesses, but are strikingly 
different near 1.0 nm copper thickness. This observation suggests that the GMR is affected by 
different factors depending on the thickness of the copper layer. 


I. INTRODUCTION 

Since the discovery of giant magnetoresistance (GMR), 
a considerable amount of research has been focused on the 
origin of the GMR effect and on understanding oscillatory 
exchange coupling mechanisms. 1-3 In Fe/Cr multilayers, it is 
generally accepted that spin-dependent scattering causes the 
GMR effect and is related to interface roughness. 1,4 How¬ 
ever, recent studies indicated that spin-independent scattering 
at interfaces reduces the GMR. 5 In the Co/Cu or CoNi/Cu 
systems, the GMR depends on substrate type, surface rough¬ 
ness and the nature of the underlayers and overlayers. There 
have been many reports 6,7 of observations of GMR in sput¬ 
tered Co/Cu multilayers suggesting strong antiferromagnetic 
(AFM) coupling. Typically three oscillations of GMR were 
observed as the spacer thickness varied from 0.6 to 4.0 nm. 
In molecular beam epitaxy (MBE) grown Co/Cu 
multilayers, 8 the magnetization shows significant hysteresis. 
It also appears that incomplete AFM coupling exists al¬ 
though the GMR effect is still large. No oscillations are re¬ 
ported in some (111) oriented epitaxial Co/Cu multilayers, 9 
while other textures of Co/Cu, apparently with nearly com¬ 
parable structures and perfection, exhibit different AFM cou¬ 
pling strength with GMR values that are attributed to the 
nature of the buffer layers as well as to the texture. 10 These 
results suggest that the magnetic properties of Co/Cu are 
sensitive to: (1) interface roughness, (2) nature of buffer 
layer and (3) texture. In none of these early studies was strain 
explicitly considered. 


We present GMR and vibrating-sample magnetometer 
(VSM) results of studies on CoNiCu/Cu multilayers grown 
electrochemically. The AFM and ferromagnetic (FM) cou¬ 
pling states were also studied by analysis of: (1) the field 
dependence of GMR and (2) the magnetization curves as a 
function of spacer layer thickness. Finally, our data suggest 
that the GMR behavior is affected by interfacial alloying at 
low copper thickness and by strain at large copper layer 
thickness. 

II. EXPERIMENT 

Multilayers were electrochemically deposited on a (100) 
textured electropolished thin copper foil (0.127 mm thick) at 
room temperature. Electrodeposition was performed from a 
sulfamate electrolyte containing Co 2+ , Ni 2+ , and Cu 2+ ions 
in a single cell. The procedure has been described 
previously. 11-13 We used a cathode potential of -1.8 V vs 
saturated calomel electrode (SCE) for NiCo alloy deposition 
and a potential of -0.26 V vs SCE for copper deposition. 
Copper is codeposited with CoNi so that the real composi¬ 
tion of magnetic layers is about Co 64 Ni 3 ,Cu 5 . Finally, the 
copper substrate was dissolved by chemical etching, and the 
free standing multilayer was glued on glass to facilitate han¬ 
dling. In this study the CoNiCu layer thickness was held 
constant and the copper layer thickness was varied. 

The composition of the films was measured using x-ray 
fluorescence which confirmed that the cobalt to nickel ratio 
in all the magnetic multilayers was about 2:1. Structure and 
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FIG. 1. A high angle x-ray diffraction pattern of [CoNiCu{2.2 
nm/Cu(r Cll )]X400 multilayers with a t Cu of 1.0 nm and (b) r Cu of 2.3 nm. 
The vertical displacement is for clarity. 

periodicity of the multilayers were characterized by high 
angle x-ray diffraction and the MR measurement was per¬ 
formed by a four point probe technique at room temperature. 
Magnetic fields up to 0.8 T were applied in the film plane, 
both parallel and perpendicular to the current direction. Mag¬ 
netization loops were obtained using a vibrating-sample 
magnetometer at room temperature. 

III. RESULTS 

High angle x-ray diffraction patterns from two of the 
CoNiCu/Cu multilayers are shown in Fig. 1. The high inten¬ 
sity (200) Bragg peak suggests a predominant (100) texture 
epitaxial to the substrate with some (111) contribution. The 
first order satellites indicate the presence of layers of well 
defined periodicity. In most samples the second order satel¬ 
lite was too weak to be observed. The superlattice period A 
is calculated from the satellite positions. 13 The observed in¬ 
crease in the Bragg peak width is believed due to an increase 
in coherence strain. 14 

A typical MR curve of a (CoNiCu(1.5 nm)/Cu(4.5 nm)) 
X250 multilayer measured at room temperature is shown in 
Fig. 2. A 10% change resistivity was observed by changing 
the applied field from 0 to 0.1 T with a maximum sensitivity 
~0.6%/mT in the linear slope region. Both longitudinal and 
transverse orientations were measured (Fig. 2). A symmetric 
change of almost the same amplitude was observed for both 
cases. The large isotropic magnetoresistance in both modes 
implies GMR behavior rather than isotropic normal magne¬ 
toresistance. 

The variation of the maximum change in MR of 
[CoNiCu(2.2 nm)/Cu(f Cu )] multilayers as a function of cop¬ 
per thickness t Cu is shown in Fig. 3. When the GMR satura¬ 
tion field exceeded the maximum 0.8 T available, the satura¬ 
tion value was determined by extrapolation. We observed a 
first GMR peak at a copper thickness of ~1.0 nm. Instead of 
a second oscillation of lowei value, a large increase of GMR 
is observed at a copper layer thickness greater than 2.0 nm, 
giving rise to a broad peak centered at 2.3 nm. This result 
differs both from the results obtained from sputtered 



Applied Field (T) 

FIG. 2. Magnetoresistance of electrodeposited [CoNiCu(1.5 nm)/Cu(4.5 
nm)]X250 multilayers measured at room temperature. The solid and dashed 
line show the data for longitudinal and transverse mode, respectively. Note 
that some drift was apparent at high fields for the transverse measurements. 

CoNi/Cu multilayers 15 and previous work for MBE grown 
Co/Cu (111) multilayers in which no oscillations were ob¬ 
served and in which the GMR decayed continuously with 
increasing copper thickness. 

Further investigations of scattering mechanisms were 
carried out by a comparison of the GMR with the magneti¬ 
zation loops obtained by VSM. The magnetic field depen¬ 
dence of the GMR and of the corresponding magnetization 
are shown for the samples with copper layer thickness of 1.0 
nm in Fig. 4(a) and 2.3 nm in Fig. 4(b). The shapes of the 
GMR curves observed with thin (—1.0 nm) and thick (—2.0 
nm) copper layers [Figs. 4(al) and 4(bl)] differ considerably. 
For the thinner copper layers, the GMR peak is broad with a 
small hysteresis suggesting stronger AFM coupling. As can 
be seen in Figs. 4(a2) and 4(b2), the coercivity increases with 
increasing copper thickness. Magnetization loops of these 
samples were measured at room temperature at fields up to 
0.8 T [Figs. 4(a2) and 4(b2)]. As expected, incomplete AFM 
coupling is suggested in Figs. 4(a2) and 4(b2) by the gradu- 



F1G. 3. Oscillation of GMR with variation of copper layer thickness. The 
thickness of the CoNiCu layer is 2.2 nm with 400 pairs of layers for all the 
samples. The squares indicate the measured maximum GMR data for ap¬ 
plied field up to 0.8 T, and the triangle gives the extrapolated saturation 
GMR. 
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FIG. 4. The magnetic field dependence of GMR and magnetization of 
[CoNiCu(2.2 nm)/Cu(/ Cu )]x400 multilayers for (a) f Cu = 1.0 nm, (b) r Cu =2.3 
nm. All the measurements have been carried out at room temperature and 
with the field parallel to the plane of the multilayer except when indicated. 

ally increasing magnetization with increasing applied field as 
well as by the large remanent magnetization at low fields in 
all the samples. Remanent magnetization of around 70%- 
80% of saturation is consistent with the existence of some 
FM coupling between the magnetic layers. However, from 
previous work, 8,10 a small fraction of AFM coupling (~30% 
saturation magnetization) can still produce a reasonable 
GMR (~40%), which suggests that the AFM coupling may 
still be contributing to the GMR in our samples. 

IV. DISCUSSION 

We have observed a small increase in the GMR ratio 
(dR/R) at 1.0 nm copper thickness. We believe that this first 
peak is possibly due to AFM coupling and is analogous to 
that commonly observed in many Co/Cu and CoNi/Cu sput¬ 
tered specimens. 6,7 ' 15 The electrochemical process used in 
this study results in copper codepositing in the cobalt alloy 
layer. The copper content of the solution adjacent to the cath¬ 
ode is reduced during the deposition of copper and a gradient 
in this copper concentration will exist whose magnitude will 
be proportional to the thickness of the copper layer being 
deposited. 16 The subsequent cobalt layer will have a copper 
content inversely proportional to this gradient so that for thin 
copper layers the next cobalt alloy will be enriched in cop¬ 
per. The low GMR value of these thin (Cu) samples may be 
attributed to significant copper alloying while the thicker 
(Cu) specimens will have less copper contamination in the 
ferromagnetic layers and therefore larger GMR values. 

The second GMR peak was found at ~2.3 nm, at a po¬ 
sition consistent with predictions of Stiles 2 for a (200) tex¬ 
tured copper spacer layer. The low frequency oscillation pre¬ 
dicted by Stiles was not observed due, we believe, to surface 
roughness. However, unlike data presented for sputtered 
multilayers, our second peak is both higher and is signifi¬ 
cantly broader than reported in the published data for binary 
po/Cu multilayers produced by sputtering. 6,7 The high angle 
x-ray diffraction patterns of the electrochemically produced 


specimens suggest that all the samples are epitaxial with low 
intensity symmetrical satellites around the [200] Bragg peak 
a small copper layer spacings, and well defined and high 
intensity but asymmetric satellites at larger copper layer 
spacings. The width of the Bragg peak increases with copper 
spacer thickness and may be due to increasing coherency 
strains as the copper layer thickness increases. 14 Both nickel 
and cobalt are magnetostrictive and so are sensitive to strains 
therefore, the broadening of the second oeak is consistent 
with both a magnetorestrictive effect a r 1 to decreasing 
AFM/FM coupling strength as the coppei thickness and re¬ 
sultant coherency strain increases. 

The comparison of magnetization data with MR data for 
thin copper spacer layers (see Fig. 4) shows that a much 
higher field is required to saturate the MR suggesting strong 
AFM coupling. The small coercive field required to reverse 
the magnetization is consistent with this explanation. At 
higher copper layer thickness, good agreement between the 
saturation field of MR and the magnetization is obtained, 
possibly due to weaker AFM coupling. The large coercive 
field is consistent with decreased coupling for the thick cop¬ 
per spacer layers. 
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High sensitivity GMR in NiFeCo/Cu multilayers 
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Magnetoresistance and magnetic hysteresis in NiFeCo/Cu soft magnetic multilayers with a fixed 
number of bilayers (six) and magnetic and spacer layer thickness but varying composition has been 
studied. The highest value of the transverse GMR obtained is 6.8% in a saturation field of «40 Oe 
at room temperature. Very high sensitivity, around 1%-2%/Oe and unconventional easy-axis 
hysteresis and GMR loop shapes have been observed. The analysis of the GMR effects and the 
associated hysteretic behavior by using a model that includes biquadratic exchange coupling 
suggests that the samples are composed of at least two distinctively different parts. 


Much interest has focused, in recent months, on the de¬ 
velopment of giant magnetoresistive (GMR) thin film mate¬ 
rials with high magnetic field sensitivity. High sensitivity 
here means a relatively large percentage change in electrical 
resistance per unit applied magnetic field. One recently de¬ 
scribed approach to high sensitivity 1,2 has been the fabrica¬ 
tion of quasigranular NiFe/Ag multilayers with sensitivities 
approaching 1%/Oe. A major difficulty with this system is 
that these high sensitivities are only achieved after a high- 
temperature (~300 °C) anneal. High sensitivities have also 
been demonstrated in spin-valve structures, 3 but here again, 
some technical difficulties are apparent in the realization of 
effective antiferromagnetic exchange layers. 

The thin film alloy system discussed in the present paper 
has been described elsewhere 4,5 in terms of its transverse (or 
hard-axis) GMR characteristics. 6 The system in question is 
NiFeCo/Cu in a six-bilayer configuration prepared by high 
rate dc magnetron sputtering. Its longitudinal (or easy-axis) 
GMR effect is characterized by an extremely sharp spin 
flop 7,8 transition of high field sensitivity in the range (typi¬ 
cally, for these particular alloys) of 1% to 2%/Oe. A phenom¬ 
enological model 9 of biquadratic coupling in GMR multilay¬ 
ers has been used to describe the data. 

dc magnetron sputtering was used to prepare NiFeCo/Cu 
multilayers, using high purity argon (99.99%) gas at a base 
pressure =s3xl(T 7 Torr. Samples were sputtered at a power 
of 100 W and the argon pressure during sputtering was fixed 
at 2 mTorr. Corning 7059 glass at ambient temperature was 
used as the substrate and a permanent magnet (field ~60 Oe) 
was held behind the glass to induce uniaxial anisotropy. A 
split target consisting of a 4 in. Ni 80 Fe 20 disk, partially cov¬ 
ered with a Co foil, was used to sputter the magnetic layer, 
and an 8 in. Cu target was used for the spacer layer. The 
thickness of the magnetic and Cu layers was 16 and 23 A, 
respectively. Sputtering rates were calculated from thickness 
measurements of reference films. Multilayer and crystal 
structure were studied using low and high angle x-ray dif¬ 
fraction (XRD). MR measurements were made using a linear 
four-point probe method with the current flowing in the film 
plane and along the induced easy-axis direction. The most 
widely used definition of GMR is as follows: 
AR/R~[R(H) - ft(//) sat )]/R(// sat ). A vibrating sample mag¬ 
netometer (VSM) was used for other magnetic characteriza¬ 
tion. 


Eight samples with composition of the magnetic layer 
varying between Ni 67 Fe !7 Co 21 (sample No. 1) and 
Ni 44 Fe n Co 4 5 (sample No. 8) were obtained using the split 
target geometry, which was comprised of a Ni 80 Fe 20 4 in. 
disk covered partially with a Co foil. 10 Figure 1 shows a 
typical low and high angle (insert) XRD spectra for these 
multilayer structures. LXRD shows the first and second order 
Bragg reflections due the chemical modulation of the sample 
structure in addition to the intermediate reflections, which 
indicates good multilayer structure. The high angle XRD 
shows that the films have (111) texture. A single broad dif¬ 
fraction peak which is slightly shifted from the fcc-Cu (111) 
d spacing is observed (the film is 60% Cu by volume frac¬ 
tion). Small shifts in d spacing away from bulk values are 
common in as-deposited multilayers which are likely to be 
strained. 

Figure 2 shows the easy (EA) and hard-axis (HA) hys¬ 
teresis loops for four different compositions of the magnetic 
layer. As the Co concentration increases, a canted and/or an¬ 
tiparallel spin alignment starts to develop. This is shown by 
the arrows in Fig. 2(b). Also, notice the evolution of the 
“double” hysteresis loop and consequent vanishing of rema- 
nence as the composition approaches that of sample No. 6 
and its reappearance with any further increase in the Co con¬ 
centration (sample No. 8). Although the coercivity along the 
HA increases monotonically from sample No. 1 to No. 8, the 
EA coercivity and remanence have a minimum for sample 
No. 6. The length of the exchange coupled region “cd,” 
marked in Fig. 2(c) also increases with Co concentration. 

The change in the magnitude of HA and EA GMR and 
the length of region “ cd ” are plotted as a function of the 
sample position (or composition) in Fig. 3. A representative 
error bar resulting due to the gradient sample composition 
along the x axis and causing an associated error in the GMR 
value is marked on sample No. 1 (open circle). The length of 
the region “cd,” which is related to the canted and/or anti¬ 
parallel spin alignment in the sample is found to scale with 
the composition of the magnetic layer. Also, as the Co con¬ 
tent increases (or from sample No. 1 to No. 8), GMR in¬ 
creases until sample No. 6, whereupon any further increase 
in Co causes a slight decrease in GMR. The sharp spin tran¬ 
sitions [Fig. 2(b)] observed along the EA direction result in 
an extremely high sensitivity. This is shown in Fig. 4, where 
the EA GMR for sample No. 5 (Ni 58 Fe 14 Co 28 /Cu) along with 


6522 J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6522/3/$6.00 


© 1994 American Institute of Physics 




20 (Degrees) 


FIG. 1. A typical low- and high-anglc XRD pattern of NiFeCo/Cu multilayer sample (No. 3). The relative position of the fcc-Ni (111), bcc-Fe(UO), 
fcc-Co(lll), and fcc-Cu(Ill) diffraction peaks are also marked. 


its first derivative or A R/R per unit change in the field is 
plotted. To our knowledge, 2%/Oe is the highest sensitivity 
observed in magnetic multilayer or spin valve structures. But 
it should be pointed out that such a high sensitivity is only 
observed along the easy axis of the sample and it also fea¬ 
tures some hysteresis. Figure 5 compares the EA and HA 
GMR profiles. The HA GMR profile in this figure is typical 
of all the compositions studied, with a saturation field of 
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FIG. 2 Hysteresis loop profiles along the easy- and hard-axis directions for 
different compositions (marked on each figure) of the magnetic layer. 


40-50 Oe and sensitivity of about 0.2%/Oe. The smooth 
variation in the MR along the HA indicates uniform magne¬ 
tization rotation. 

Figure 6 correlates the EA GMR and hysteresis curve 
profiles. The fields at which a change in the angle between 
the adjacent magnetic layers (marked with two arrows) takes 
place is marked by lower case letters o through / on the 
hysteresis loop. The corresponding transitions in the GMR 
loop are marked by the respective capital letters. The ob¬ 
served shape of the longitudinal GMR and hysteresis curve 
can be explained by considering a two phase magnetic sys- 
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FIG. 3. Change in the magnitude of GMR along the easy and hard axis, and 
the length of region “ cd ” (defined in Fig. 2), as a function of the sample 
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FIG. 4. EA GMR and sensitivity for sample No. 5, Ni 5 4 Fe 15 Co 31 /Cu six 
bilayers. 

tem. The total energy per unit volume of any one of the 
phases is approximately given 9 by 

H k M 

£( 0 i, 02 ) =— 4 ~ ( sin 2 #1 +sin 2 0 2 ) 

M 

+—[//, cos (d l - 6 2 )+H 2 cos 2 (~ $ 2 )] 
MH 

[cos(v r /-0 1 ) + cos(^-e 2 )], (1) 

where 9 X and 0 2 are the angles between the magnetizations 
and the easy-axes, depending on whether they are in the odd 
or even numbered layer, respectively. The angle between the 
magnetic field and the easy axis is ip, and H k , H { , and H 2 
are the effective uniaxial anisotropy, and first- and second- 
order (biquadratic) exchange fields, respectively. Minimiza¬ 
tion of the total energy [Eq. (1)] with respect to 6 X and 0 2 
results in a qualitative fit to the observed hysteresis and 
GMR loop shapes. For samples 2 to 8 this is achieved when 



Field (Oe) 


FIG. 5. Comparison of easy- and hard-axis GMR loop profiles for sample 
No. 5. 
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FIG. 6. GMR and hysteresis loop profiles for sample No. 6 
(Ni 53 Fe 13 Co 34 /Cu), measured along the EA. 

the ratios H k IH x and H 2 /H j are 5=0.5. The scaling phenom¬ 
enon of the length “cd” [in Fig. 2(c)] with the sample com¬ 
position is ascribed to the increase of the ratio H k /H j. The 
sharp spin flops from b to c, which consequently causes a 
double hysteresis loop, are also predicted by this model. 9 
However, only one magnetic phase described by Eq. (1) can¬ 
not explain certain features of the hysteresis and GMR loop 
shown in Fig. 6, such as the opening of the region o to a and 
e to f and the corresponding regions of the GMR loop la¬ 
beled by the capital letters. One way of explaining this is to 
consider an independent magnetic phase described also by 
Eq. (1) with an independent set of variables H k ,H lt and H 2 . 
An overlap of two such phases can simulate the hysteresis 
and GMR loops observed in this study. ' 

We have shown clearly in as-deposited sputtered 
NiFeCo/Cu multilayers a sharp, highly distinctive spin-flop 
transition of extremely high GMR sensitivity (>l%/Oe) 
along the easy axis. This study has also shown that this 
switching mechanism can be controlled by varying the Co 
concentration. A direct observation of the domains or mag¬ 
netization direction at various fields may prove the presence 
of the biquadratic coupling and a two phase system as dis¬ 
cussed in the text and predicted by theory. 

This work has been supported by the National Storage 
Industry Consortium-Advanced Technology Project heads di¬ 
vision program funded by the Department of Commerce. 
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The element specific magnetic hysteresis curves of Fe/Cu/Co trilayer structures can be used in 
conjunction with the measured magnetoresistance curves to extract the coefficient of the giant 
magnetoresistance (GMR) independent of magnetic domain effects and incomplete alignment 
effects, allowing for a measure of the maximum attainable GMR for that trilayer. Information 
concerning the details of the trilayer switching can be extracted showing that sputtered 
polycrystalline films of Fe/Cu/Co deposited on Si switch their magnetization directions like 
multidomain Ising magnets. 


I. INTRODUCTION 


To understand and optimize trilayer and multilayer sys¬ 
tems which exhibit giant magnetoresistance (GMR), an ap¬ 
preciable change of the resistance of the multilayer in re¬ 
sponse to an applied magnetic field, it is important to 
separate the intrinsic GMR, the maximum achievable change 
in the resistance, from extrinsic variations to the measured 
GMR. A clear example of an extrinsic modification to the 
magnetoresistance is the dependence of the resistance on mi- 
cromagnetic details of the ferromagnetic film reversal. 

The giant magnetoresistance as a function of the applied 
magnetic field, H, is typically defined as 1 


MR (H) = 


R(H)-R(H S ) 

R(H S ) 


( 1 ) 


where R(H S ) is the film resistance at the saturation field H s 
(the field where all ferromagnetic layers are fully aligned 
with each other). In the absence of anisotropic magnetoresis¬ 
tance, the maximum attainable magnetoresistance for a 
simple sandwich structure is understood to be the difference 
between the low resistance state of the sandwich, when the 
two films are fully aligned (at high field >H S ), and the high 
resistance state when the two films are fully anti-aligned (at 
low or zero field). For trilayer (sandwich) structures, an ideal 
switching behavior would result in square magnetic hyster¬ 
esis loops and GMR curves with abrupt transitions separated 
by well defined plateau regions. 2 Unfortunately, the majority 
of reported systems display rounded hysteresis loops and 
peaks in the GMR curves. 1 ' 3 Since the low resistance 
aligned film configuration can be achieved by application of 
a sufficiently large positive or negative magnetic field, the 
absence of plateaus in the GMR indicate that the fully anti¬ 


aligned magnetic film orientation is never achieved. Instead, 
during the moment reversal process, before the first ferro¬ 
magnetic film has completely switched its magnetic orienta¬ 
tion (establishing the anti-aligned state), the second magnetic 
film has already begun to reverse its moment direction. 

There have been a large number of comparative studies 
which have attempted to determine variations of the intrinsic 
GMR on material and interface parameters (including mag¬ 
netic layer and interlayer composition, layer thicknesses, and 
film and interface quality). Unfortunately, modifying these 
parameters may also dramatically affect the details of the 
film reversal process including the degree to which the two 
films are not completely anti-aligned. Any comparative stud¬ 
ies of the GMR must first correct for, or eliminate these 
incomplete anti-alignment effects. To this end, we have de¬ 
veloped a method to extract the coefficient of GMR, the 
maximum achievable GMR, from the nonideal magnetoresis¬ 
tance data, provided that the details of the magnetization 
reversal process of the two ferromagnetic films is known. 
For simplicity, we will consider only two models for the 
magnetization reversal process—the single domain xy model 
and the multidomain Ising model. 


II. SINGLE DOMAIN xy MODEL 

The single domain xy model treats each ferromagnetic 
film as a single magnetic domain with a constant total mo¬ 
ment which can point in any direction in the film plane, but 
must remain in the film plane. The magnetization reversal is 
therefore accomplished by an in-plane rotation of the mo¬ 
ment direction. Since magnetometry measures the projection 
of the magnetic moment along an analysis direction, typi¬ 
cally coincident with the applied field direction, the mea- 
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sured hysteresis loop can be used to determine the angle, 6 , 
that the moment makes with the applied field direction 

M xy (H)=M o cos[0(H)], (2) 

where M 0 is the constant magnitude of the film magnetiza¬ 
tion vector. 

If independent hysteresis loops of each of the magnetic 
films can be obtained, then a determination of the relative 
angles of both films as a function of applied field, and there¬ 
fore the angle between the two magnetic films, can be made 
(a schematic of the two films is shown in the left-hand panel 
of Fig. 1). From the relative angles of each film, we can 
determine the magnetoresistance, given by 4,5 


MR XV (H) = G sin 2 


A 0(H) 


= G sin 2 


<?,(#)- 0 2 (//) 
2 


where G is the coefficient of the GMR and A0 is the angle 
between the magnetic moments of the two single domain 
films. From the measured hysteresis curves of the two mag¬ 
netic layers, we can then calculate the form of the magne¬ 
toresistance curve. By comparing this curve with the mea¬ 
sured hysteresis curve, we can extract a value for G, the 
coefficient of magnetoresistance, which corresponds to the 
maximum achievable magnetoresistance. 


III. MULTIDOMAIN ISING MODEL 

The multidomain Ising model treats each magnetic film 
as if it were composed of many magnetic domains, each 
allowed to be oriented along with or opposed to the applied 
field direction. Now the magnetization reversal is accom¬ 
plished through the abnipt magnetization reversal of the 
separate domains. The hysteresis loops, which reflect the net 
moment, are a measure of the fraction of the film pointing 
along the applied field 

= (4) 

where A/ 0 is the maximum moment and f{f l ) is the fraction 
of the film pointing along (opposed to) the field. For two 
magnetic layers, if the moment direction of domains in the 
two films are uncorrelated (i.e., the direction of the moment 
of a domain in one film is independent of the direction of the 
moment in a domain of the other film), then the measure¬ 
ments of the two independent hysteresis loops can be used to 
determine what fraction of the films are aligned and anti¬ 
aligned with each other. (A schematic of this model is shown 
in the right-hand panel of Fig. 1.) 


In the simplest view, there are only two domain configu¬ 
rations which contribute to the overall resistivity, when the 
current flows between two domains of opposite orientation 
or between two domains of aligned orientation. Because 
these two configurations represent two well defined resis¬ 
tance states in parallel with each other, then if the domains 
are large compared to the mean spin scattering length 6 and if 
we ignore the additional resistivity associated with current 
flow between domains within the same magnetic layer 
(which would also depend on the distribution of domain 
sizes and domain configurations), then the total film resis¬ 
tance is just given by 

Ra Rp RaRp 

Rt{h) =11 JM = R A f P ~RpfA ’ (5) 

where Rp(Ra) is the resistance of the film in the completely 
aligned (anti-aligned) configuration and f P {f A ) is the fraction 
of the film in the aligned (anti-aligned) state. The magnetore¬ 
sistance can be expressed as (noting f P +f A - 1) 

R(H)-R P f A 

MR. iln ,(H )—-0 nt< i tSr¥r . W 

where G = (R A -R P )/R P . If R A ~~R F (i.e., G is small) then 

mrn g (H)~Gf A = G[f\(H)fi(H)+f[(H)fl{H)}, (7) 

where the term in the brackets is the fraction of the two films 
which are anti-aligned (in the absence of domain correla¬ 
tion). 

IV. INDEPENDENT HYSTERESIS LOOPS 

The major difficulty is of course in determining indepen¬ 
dently the hysteresis loops of the two magnetic films. Most 
magnetometry techniques determine the total hysteretic be¬ 
havior of the system. Recently, we have developed a method 
to determine element-specific hysteresis loops of heteromag- 
netic materials. 7 By recording the absorption intensity of cir¬ 
cularly polarized soft x-rays at each transition metal Z, 3 ab¬ 
sorption edge as a function of applied field, the hysteretic 
behavior of each magnetic element in a compound or 
multilayer structure can be determined using magnetic circu¬ 
lar dichroism (MCD). 8-12 In this way, the complicated con¬ 
ventional hysteresis curves can be resolved as a linear com¬ 
bination of simple elemental hysteresis curves. In the case of 
a multilayer system with different magnetic elements in each 
ferromagnetic layer, the separate element-specific magnetic 
hysteresis (ESMH) curves are now equivalent to the hyster¬ 
etic behavior of the individual ferromagnetic layers. 

To demonstrate this, an Fe/Cu/Co trilayer structure, 
known to exhibit a reasonable GMR effect, 13 was sputter 
deposited onto a Si(100) surface which was chemically de¬ 
greased prior to the deposition. The multilayer film consists 
of 50 A Fe film and a 50 A Co film separated by 50 A of Cu 
and capped with an additional 30 A of Cu to prevent oxida¬ 
tion. The films were deposited in an argon gas of ~3X10 -3 
Torr at a rate of a few angstroms per second. X-ray absorp¬ 
tion spectroscopy measurements showed that no oxidation of 
the buried Fe or Co layers has occurred. Details of the MCD 
setup have been described previously. 14,15 
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FIG. 2. Top panel: conventional total moment VSM hysteresis loop (solid 
line) and the summed element specific magnetic Hysteresis loops for Fe and 
Co (dotted line). Bottom panel: ESMH loops for Fe and Co. The scaling 
values were determined by a best-fit of the summed data to the VSM data. 


The conventional, total magnetic hysteresis behavior of 
this trilayer is shown in the top panel of Fig. 2. This hyster¬ 
esis loop shows rounded transitions and is characteristic of 
non-ideal switching behavior. In the bottom panel are the 
scaled ESMH loops for Fe and Co. The weighting factors 
were determined by a least-squares-best fit of the summed 
data to the VSM data. These weighting factors, included in 
the ESMH loops of the lower panel of Fig. 2, give good 
agreement between the VSM spectra and the summed spec¬ 
tra, displayed as the dotted line in the top panel of Fig. 2. The 
differences in the spectra are attributed to film inhomogene¬ 
ity and the different analyzed areas of the two magnetometry 
techniques. 

From these elemental hysteresis loops, we can calculate 
the GMR curves for the single domain xy model and the 
multidomain Ising model. By comparing to the measured 
GMR curves (shown scaled to be aligned at the peaks in Fig. 
3), not only are we able to extract a value for the coefficient 
of magneioresistance, but we can differentiate which model 
is applicable to our multilayer. The two vertical axes are 
displayed in normalized MR values (MR/G) and vividly 
demonstrate the effects of the incomplete alignment. It is 
clear from these spectra that these films are best described by 
a multidomain Ising model (which is consistent with the 
polycrystalline nature of these films). From the value of the 
maximum measured GMR of 2.1% (corresponding to the 
peaks in the measured data in Fig. 3), we can extract a co¬ 
efficient of GMR of 0.031 (3.1%), an increase of almost 
50%. It is interesting to note that had the single domain xy 
model been the applicable description of the magnetization 
reversal, the extracted coefficient of GMR would be 0.068 



FIG. 3. Comparison of the measured magnetoresistance data (solid line) to 
the multidomain Ising model (dotted line) and the single domain xy model 
(dashed line). The coordinates are normalized values for the calculated spec¬ 
tra and the measured data is arbitrarily scaled to fit. 

(6.8%) an increase of 200%! (The anisotropic magnetoresis¬ 
tance for this film is measured to be 0.4%.) 

In summary, we have shown that in nonideal systems 
with peaked magnetoresistance curves and rounded hyster¬ 
esis loops, the maximum measured GMR is reduced from the 
maximum attainable value by multidomain and incomplete 
alignment effects. We have also used ESMH measurements, 
in conjunction with the measured magnetoresistance curves, 
to extract the coefficient of GMR. In any comparative study 
of the GMR, it is this larger extracted coefficient which 
should be used. 
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Interface alloying and magnetic properties of Fe/Rh multilayers 

K. Hanisch, W. Keune, R. A. Brand, C. Binek, and W. Kleemann 

Laboratorium fur Angewandte Physik, Universitat Duisburg, D-47048 Duisburg, Germany 

Rh(20 A)/ S7 Fe(r Fe ) multilayers with Fe thicknesses t ?c of 2, 5, 10, and 15 A prepared by alternate 
evaporation in UHV have been investigated by x-ray diffraction (XRD), Mossbauer spectroscopy, 
and SQUID magnetometry. First- and second-order superstructure Bragg peaks (but no higher-order 
peaks) in small-angle XRD patterns suggest some compositional modulation. Mossbauer spectra 
taken at 4.2 K are characterized by a distribution P(2? hf ) of hyperfine fields B hf . Peaks observed in 
the P{B hf ) curves near 17 and 35 T are assigned to an fcc-RhFe interface alloy (~7-24 at. % Fe) 
with spin-glasslike properties and to a disordered ferromagnetic bcc-FeRh alloy (~96 at. % Fe), 
respectively. The magnetic transition temperature of the fee alloy was found to be 23 and 45 K for 
r Fe =2 and 5 A, respectively, and S hf follows a T vz law. For t Fe =2 A, spin-glasslike behavior was 
observed by magnetometry. 


Metallic multilayered films offer an exciting field for the 
exploration of magnetic properties in novel systems and at 
interfaces. 1 In a search for new multilayers with interesting 
magnetic behavior we have studied the Fe-Rh system. Ac¬ 
cording to the thermodynamic Fe-Rh phase diagram 2 a wide 
solubility range exists at rather low temperatures on both the 
Fe-rich and Rh-rich side. Therefore, a tendency for interface- 
alloy formation may be expected in these multilayers. The 
properties of Fe/Rh interfaces are unknown so far. 

We have prepared a series of Rh/Fe multilayers with 
constant Rh thickness (20 A) by alternating evaporation of 
Rh and 57 Fe isotope (95% enriched) in an UHV system. The 
pressure during evaporation was <5xl0“‘ f mbar. The sub¬ 
strates were polyimid foils for Mossbauer and magnetomet¬ 
ric studies and Si wafers for small- and large-angle x-ray 
diffraction (XRD). To reduce intermixing, the substrate tem¬ 
perature was held at ~100 K during multilayer growth. Rh 
and 57 Fe were evaporated from a 2-kW electron-beam gun 
and a small resistively heated evaporation cell with alumina 
crucible, respectively. Four different types of multilayers 
have been prepared, namely [Rh(20 A)/ 57 Fe(2 A)] 100 +Rh(20 
A), [Rh(20 A)/ 57 Fe(5 A)] 52 +Rh(20 A), [Rh(20 A)/ 57 Fe(10 
A)] 30 +Rh(20 A), and [Rh(20 A)/Fe(15 A)] 20 +Rh(20 A). 
(All samples were coated by 20 A Rh for protection.) 

The small-angle XRD patterns (Fig. 1) exhibit a clear 
first-order superstructure Bragg peak for all samples, and an 
additional second-order peak for f Fe =10 and 15 A. This and 
the fact that no higher-order superstructure peaks have been 
detected (not shown in Fig. 1) demonstrates qualitatively that 
our samples are compositionally modulated structures with 
some degree of intermixing at the interfaces. The multilayer 
periodicity determined from Fig. 1 is 23.7, 24.9, 29.7, and 
37.7 A for i Fe =2, 5, 10, and 15 A, respectively, being in 
agreement with the nominal periodicity within 7% or better. 
The large-angle XRD patterns from our samples (not shown) 
exhibit a dominant fee Rh(lll)-Bragg peak and weaker 
peaks from higher-indexed Rh planes. However, the Rh 
peaks were found to be shifted siightly to higher Bragg 
angles upon increase of r Fe , implying a fcc-lattice parameter 
(a 0 ) reduction with increasing Fe-film thickness from 
a 0 =3.808 A (pure Rh film) to 3.793, 3.780, 3.738, and 
3.713 A for f Fe =2, 5, 10, and 15 A, respectively. No pure 


bcc-Fe Bragg peaks could be detected. However, a shoulder 
(near 20*40°) on the low-angle side of the Rh(lll) peak 
observed for the thicker Fe films (10 and 15 A) may be 
assigned to a bcc (110) reflex with a corresponding bcc- 
lattice parameter which is enhanced (relative to that of pure 
bcc Fe) by 11.4% (for r Fe = 10 A) and 10.0% (for f Fe =15 A). 
In view of the small-angle XRD and Mossbauer results (be¬ 
low) the observed reduction or increase in lattice parameter 
is interpreted by the main effect of interface-fcc-alloy forma¬ 
tion or bcc-alloy formation, respectively. For fee Fe-Rh al¬ 
loys, our interpretation is qualitatively supported by the 
known decrease of a () with rising Fe content in the bulk. 3 

Mossbauer spectra measured at 4.2 K (Fig. 2) indicate 
magnetic hyperfine (hf) splitting at all Fe thick -.esses. These 
spectra were least-squares fitted using a histogram 
distribution, 4 P(£ hf ), °f hyperfine fields B h( . It was found 
necessary to include a small linear correlation between iso¬ 
mer shift S and B h{ , given by about +0.004 mm s -1 /T. 

For / Fe =2 A, the most-probable (peak) hf field, Bj|f ak , 
has a value of 16.8 T (Fig. 2) which is typical for that of a 
~1 at. % Fe disordered fcc-Fe-Rh bulk alloy at 4.2 K. 5 This 



2en 

FIG. 1. Small-angle XRD patterns of Iih(20 A)/ 57 Fe(r Fe ) multilayers with 
f Fc = 2 , 5, 10, and 15 A (from .op) (Cu Ka radiation). 
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FIG. 2. Mossbairr spectra measured at 4.2 K and distributions P(B h! ) of 
Rh(20 A)/ 57 Fe(f Fe ) multilayers for t Fc =2, 5, 10, and 15 A (from top). 

suggests that the 2 A 57 Fe film [~1 monolayer (ML) bcc 
Fe(110)] is completely alloyed with Rh resulting in an fcc- 
Fe-Rh alloy of average Fe concentration c^ { of ~7 at. %. In 
the case of f Fe =5 A, P(B hf ) in Fig. 2 shows a pronounced 
peak at 18.2 T which demonstrates that this is also a pure 
fcc-RhFe multilayer. This hf field corresponds to 
~ 19 at. %, according to Ref. 5. We have also estimated the 
Fe concentration (c£®) in the fcc-alloy layer by comparing 
the measured lattice parameters (a 0 ) with those of bulk 
alloys. 3 Table I shows that cjjj values for 2 and 5 A Fe are in 
rough agreement with corresponding values. The calcu¬ 
lated Rh thicknesses, /rh a "° y ■ required for explaining the 
obtained cjV or c£® values are given in Table I, too. (It was 
assumed that *Fe~2 and 5 A are completely alloyed). The 
( fcc alloy va i ues obtained from appear somewhat too large 
as compared to the deposited 20 A-Rh layer, while those 
values deduced from c£® appear to be reasonable. Table I 
indicates also the Fe concentration (cfy obtained by com- 


TABLE I. Estimated Fe concentrations c F (, c F “ and c F ° of the fee and bcc 
Rh-Fe alloy phase in Rh/Fe multilayers. 4 * lu>> is the calculated Rh thick¬ 
ness consumed in fcc-alloy formation. 


Rh(20 A)/Fe(r Fe ) 

r Fe -2 A 

r Fe -5 A 

r Fe =10 A 

r Fe =15 A 

t'cc phase 





c 7 '/at. % 

7 

12 

24 


(4 lUoy ) 

(25 A?) 

(34 A?) 

(9.4 A?) 


4 u /at. % 

~7 

~19 

>25 

>25 

(4 ’**>) 

(25 A?) 

(20 A?) 



Cp“/at. % 

10 

24 

50 

62 

(4 ""'l 

(17 A) 

(11.3 A) 

(3.0 A) 

(1.2 A) 

bcc phase 





c®“/at. % 



-96 

-96 



FIG. 3. Temperature dependence of for r Fc =2 A (A), 5 A (V), 10 A 

(•) and 15 A (O). Crosses (X); for ( Fc =15 A after annealing at 355 K. 

paring the measured (average) magnetic transition tempera¬ 
ture T f of our films (Tf= 23 ±4 K for f Fc =2 A and 
Tf= 45 ±7 K for f Fe =5 A, respectively, see Fig. 3) 
with the Tf vs c Fe behavior of disordered fcc-RhFe alloys; 5 
however, the corresponding (calculated) alloy values 
(Table I) are unreasonably high (e.g., 34 A for J Fe - 5 A). 
This very likely indicates that the Tf vs c Fc behavior in ul- 
trathin RhFe alloy layers deviates from that in bulk alloys as 
is the case for other spin glasses. 6 From the Mossbauer-line- 
intensity ratios the Fe-spin orientation in these samples was 
found to be nearly random which can be expected for spin- 
glass-type magnetism where a magnetic shape anisotropy is 
absent. 

One can notice in Fig. 2 that the P(B W ) curves ' d the 
spectra) change drastically with increasing Fe thicks >s: the 
fcc-alloy distribution peak near ~17 T decreases gradually in 
relative intensity and shifts to slightly higher values, while 
simultaneously a new peak near 36 T (35 T) evolves and 
dominates at r Fe =10 A (or f Fe =15 A). This new peak is 
assigned to a disordered ferromagnetic bcc-Fe-Rh alloy. This 
follows from a comparison of our B|Jf ak values with those of 
Fe-rich disordered bcc-Fe-Rh bulk alloys. 7 We may estimate 
the average composition c Fe of the bcc alloy in our multilay¬ 
ers by using the B hf vs c Fe curve in Ref. 7 (with /i hf in Ref. 
7 corrected by a factor of 1.03 for the low temperature (4.2 
K) used in our case). This leads to c Fe ~96 at. % for f Fe =10 
and 15 A in the bcc alloy (Table I). 

The shape of the distribution P(B hf ) for r Fc = 10 A (Fig. 
2) demonstrates that fee and bcc alloy phases coexist in this 
multilayer, (with the fcc-alloy distribution peak located at 
19.8 T). Even for ? Fe =15 A, the fcc-alloy distribution peak 
(at 20.0 T) is still present, togethei with a low-field distribu¬ 
tion part (for B hf <28 T). The relative area of the low-field or 
high-field (B hf >28 T) distribution part provides values for 
the relative phase content (fee or bcc) in the multilayer. In 
the case of f Fe =10 A we find that (36±15)% of the Fe atoms 
form the fcc-interface alloy (and 64% the bcc phase); for 
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FIG. 4. Bg lk vs T m for t ? =2 A (O) and 5 A (•). 


/ Fc = 15 A, the corresponding values are (30±5)% (fee) and 
70% (bee). This means that in the average a thickness of 3.6 
A Fe of the original 10 A bcc-Fe layer is transformed to the 
fee-interface alloy by interdiffusion; for the 15 A Fe film, the 
corresponding value is 4.5 A Fe. The Fe-spin direction of the 
bcc phase was observed to be preferentially oriented in the 
film plane indicating a shape anisotropy due to ferromag¬ 
netism. 

It follows from the temperature dependence of Bjjf k 
(Fig. 3) that the magnetic transition temperatures of the bcc 
phase (in multilayers with f Fe =10 and 15 A) are much higher 
than those of the fee phase (with r Fe =2 and 5 A). For f Fe =2 
and 5 A, Bf^ ak ( T) follows closely a T 3/2 -spin wave law over 
the whole temperature range (Fig. 4). For fp^lS A, B^ ak 
shows a remarkable linear T dependence over a wide T 
range. It has been suggested that such a behavior is related to 
superparamagnetic relaxation of bcc-phase clusters. 8 How¬ 
ever, as we have not observed a remarkable change at 150 K 
in the central component of the spectrum (not shown) even 
by applying fields up to 1 T, we may exclude superparamag¬ 
netism. Therefore, the linear T dependence observed can be 
explained by quasi-two-dimensional behavior of the bcc 
phase in the 15-A sample, as predicted theoretically. 9 In con¬ 
trast, the f Fe =10 A multilayer has been observed to be su¬ 
perparamagnetic by applying a magnetic field. After a mea¬ 
surement at 355 K and recooling to 295 K, an irreversible 
drop of Bflf ak at 295 K occured. As we did not observe a 
change in P(B hf ) at 4.2 K after annealing, this drop in 5{Jf ak 



FIG. 5. Temperature dependence of magnetization in a Rh(20 A)/ 57 
Fe(2 A) multilayer measured in B ext =0.5 T, zero-field cooled (•) and field 
cooled (O). 

could be due to a change in bcc Fe-film morphology (island 
formation) and a resulting change in the T dependence of 
Bj5f k (possibly due to superparamagnetism). 

The temperature dependence of the magnetization in the 
multilayer with f Fe =2 A (Fig. 5) indicates typical spin¬ 
glasslike behavior, i.e., different branches after zero-field 
cooling and during field cooling. It can be seen that the tem¬ 
perature of the maximum in the zero-field cooled magnetiza¬ 
tion (23 ±2 .C) is in very good agreement with the magnetic 
transition temperature obtained from Mossbauer spectros¬ 
copy. This proves that interface fee alloys with spin-glasslike 
properties can be obtained in Rh/Fe multilayers. 

We are grateful to U. von Horsten for technical assis¬ 
tance and sample preparation. This work was supported by 
the DFG (SFB166). 
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Heat treatment to control the coercivity of Pt/Co multilayers 

J. Miller, P. G. Pitcher, and D. P. A. Pearson 
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We report on controlled changes in the coercivity of sputter deposited Pt/Co multilayer films by 
thermal treatment under controlled atmospheres. The as-sputtered coercivities of typically 3.3 kOe 
can be increased to 10.5 kOe by annealing in air, however for coercivities greater than 6 kOe the 
rectangular ratio of the multilayer decreases with increasing coercivity. The loop shape can be 
regained and the coercivity decreased by annealing in a H 2 /N 2 atmosphere. 


I. INTRODUCTION 

Pt/Co multilayers are a promising candidate for the next 
generation of magneto-optical recording material. 1,2 These 
multilayers have been found to have large polar Kerr rota¬ 
tions and coercivities in both evaporated and sputtered 
films. 3,4 

In this article we report on the effect on annealing in 
controlled atmospheres on the coercivity of sphered Pt/Co 
multilayers. 

II. EXPERIMENT 

Pt/Co multilayers were magnetron sputtered using dual 
source deposition in an Ar atmosphere onto glass substrates. 
The multilayers all consisted of 9.5 periods of 8 A Pt/3 A Co 
(the Pt layer was deposited first and last). Pt/Co individual 
layer thicknesses were confirmed using x-ray diffraction and 
inductively coupled plasma emission spectrometry. 

The magnetic and magneto-optical properties of the mul¬ 
tilayers were examined using a polar Kerr loop plotter and a 
vibrating sample magnetometer (VSM), the maximum ap¬ 
plied field was 8 kOe so VSM measurements could not be 
done on the higher coercivity samples. The multilayer micro- 
structure was examined using x-ray diffraction (XRD) and 
transmission electron microscopy (TEM). 

A post-deposition anneal was performed on the multilay¬ 
ers, the atmosphere was either air or 10% H 2 in N 2 , the 
annealing temperature was varied between 100 and 400 °C. 
The air annealed multilayers were heated by placing on a 
heater block at the required temperature. The transition from 
room temperature to the anneal temperature was achieved in 
under 2 min. Samples were cooled to room temperature by 
placing them on a large aluminum block. Cooling took less 
than a minute. The multilayers annealed in H 2 /N 2 atmo¬ 
spheres typically reached the anneal tempe.ature in under 5 
min and were force cooled reaching room temperature in 
under 5 min. 


( H „) increase with annealing time and the hysteresis loops 
maintain a high rectangular ratio (r), however the H n 
reaches a maximum at 6.2 kOe while the H c continues to 
increase to a maximum of 10.5 kOe (Fig. 2) resulting in a 
skewing of the hysteresis loop. The H c increase could be 
reversed and the loop’s original rectangular ratio regained by 
heating in a reducing atmosphere of 10% H 2 /90% N 2 . An 
as-sputtered multilayer had its coercivity increased from 3.3 
to 8.2 kOe by heating in air to 160 and 185 °C for 20 and 27 
min, respectively. The before and after polar Kerr loops be¬ 
ing almost identical to those of Figs. 1(a) and 1(c). The co¬ 
ercivity was then reduced from 8.2 to 3.3 kOe and the origi¬ 
nal loop shape regained by heating for 30 min at 185 °C in a 
10% H2/90% N 2 gas mix. 

The mechanism for the coercivity increase is thought to 
be related to oxygen incorporation into the film structure. 
Coercivity increases after annealing the sample in air 5,6 and 
also in vacuum have previously been reported. 7 Yamane 
et al. 8 obtained increases from 0.2 to 2 kOe in the coercivity 
of sputtered Pt/Co multilayers with a 500 A Pt capping film. 
They concluded from similar work with thicker Pd/Co 
multilayer films that oxygen incorporation at the grain 
boundaries of the columnar microstructure caused domain 
wall binding resulting in the increase in the multilayer 
coercivity. 5 The reversible nature of the coercivity in a re¬ 
ducing atmosphere suggests a similar mechanism causes the 
coercivity increases observed in our films. The saturation 




Bias field (kOe) 


III. RESULTS AND DISCUSSION 

The as-sputtered multilayers typically had coercivities of 
3.3 kOe and hysteresis loops with a high rectangular ratio 
r(=H n /H c ), as shown in Fig. 1(a). The coercivity was found 
to increase on heating the multilayer in an atmosphere con¬ 
taining oxygen. Figures 1(b)—1(d) show the room tempera¬ 
ture polar Kerr hysteresis loops obtained after the multilayers 
had been heated in air to 200 °C for 2, 8, and 240 min. 
Initially both the coercivity ( H c ) and the nucleation field 



FIG. 1. Polar Kerr loops of Pt/Co multilayers after annealing at 200 °C, (a) 
as-sputtered, (b) 2 min, (c) 8 min, (d) 240 min. 
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FIG. 2. Coercivity and nucleation variation with anneal time at 200 °C. 


magnetization of our multilayers decreased as the multilayer 
coercivity increased from 3 to 6 kOe, this further suggests 
cobalt oxide formation as the cause of the increased coerciv- 
ity. 

A bright field TEM image of an as-sputtered multilayer 
is shown in Fig. 3. The multilayers are polycrystalline with a 
grain size of approximately 10 nm. 

To examine the effect of the coercivity increase on the 
magnetization reversal mechanism initial magnetization 
curves were examined. A set of multilayers was demagne¬ 
tized by heating to 400 °C for 15 s, the dwell time had to be 
short to avoid damaging the multilayer structure. Hashimoto 
et a/. 1 have previously found that a 30 min anneal at 400 °C 
resulted in loss of perpendicular magnetic anisotropy and 
multilayer structure. However XRD measurements of our de¬ 
magnetized multilayers showed that the satellite peaks of the 
multilayers were unchanged after thermal demagnetization. 
Figure 4 shows the initial magnetization curves for these 
multilayers. In Figs. 4(a)-4(c) the coercivity is a result of the 
difficulty in creating a reversed domain, since the magneti¬ 
zation initially increases from the demagnetized state at 






FIG. 4. Initial magnetization curves of thermally demagnetized Pt/Co mul¬ 
tilayers. 



\ ■! 

50nm 


FIG. 3. TEM bright field image of an as-sputtered Pt/Co multilayer. 


fields smaller than the nucleation field. In contrast the coer¬ 
civity of the high coercivity multilayer in 4 d is dominated by 
domain wall pinning. This is demonstrated by differentiating 
the polar Kerr signal with respect to the applied field, Figs. 
5(a) and 5(b) are the differentials of Figs. 4(a) and 4(d) re¬ 
spectively. The rate of change of the initial magnetization as 
a function of applied field is different to that of the magne¬ 
tization reversal in Fig. 5(a), where as in Fig. 5(b) both dis¬ 
tributions are the same. 

In summary the initial magnetization loops show that the 
coercivity increase is initially caused by an increase in the 
nucleation field. As the coercivity increases further, wall pin¬ 
ning becomes the dominant effect in determining the 
multilayer coercivity. 
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FIG. 5. Differential with respect to applied field of the initial magnetization 
curves. 


IV. CONCLUSION 

We have found that we can increase the coercivity of 
sputtered multilayers by annealing in air. The coercivity in¬ 
crease can be reversed by annealing in a 10% H 2 in N 2 . The 


cause of the coercivity increase is thought to be oxygen in¬ 
corporation in the multilayer, initially the effect is to increase 
the nucleation field of the multilayer however further coer¬ 
civity increases are caused by domain wall pinning. 
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Commercially available Fe-Co alloys with Co contents of 50 and 24 wt. % have been rf sputtered 
to produce multilayers with noble metal (Ag or Cu) interlayers. Series with fixed Fe-Co or noble 
metal thicknesses have been produced, as have plain Fe-Co films. In all cases, the coercivities of the 
multilayers are significantly reduced from those exhibited by the plain alloy films. For example, a 
film of the alloy containing 50 wt. % Co had H c = 6.9 kA m -1 , whereas a multilayer with 12 nm 
Fe-Co layers and 2 nm Ag layers had H c =480 A m -1 . The saturation magnetostriction is also 
enhanced, in some cases increasing by 60% over the expected bulk polycrystalline alloy value. For 
example, the literature X s value for a Fe-Co alloy containing 24% Co is about 28 ppm; in a 
multilayer with 12 nm alloy layers and 8 nm Ag layers, \ s =45 ppm. The combination of high 
magnetostriction and low coercivity makes such materials as these attractive for their potential as 
stress sensor and actuation transducer elements. 


I. INTRODUCTION 

There is currently interest in many aspects of magnetic 
multilayers (e.g., giant magnetoresistance and magnetic and 
magneto-optic recording media). For sensor and transducer 
applications, high saturation magnetostriction, \ s , in soft 
materials is desirable. Our investigations began with an iron- 
cobalt alloy of a composition known to have a value of 
\ s («53 ppm) comparable with most conventional soft mate¬ 
rials. Ag and Cu were chosen as the interlayers because they 
are noble metals, immiscible with Fe and Co, nonmagnetic, 
and are larger than Fe or Co atoms. We found that Ag inter¬ 
layers in films sputtered from this alloy softened them con¬ 
siderably and, in some cases, caused enhancement of the 
magnetostriction. 1 Here, we report further investigations into 
the Fe-Co alloy/noble metal multilayer systems, including 
two types of alloy and various thicknesses. Results for Ag 
interlayers will be compared to those for multilayers contain¬ 
ing Cu in order to give the first indication of an explanation 
for the observations. 

II. EXPERIMENTAL METHODS 

The multilayers were rf magnetron sputtered from alter¬ 
nate targets of commercially available alloys: HiSat50® 
(50% Fe, 50% Co with less than 0.2% Ta) or Permendur24® 
(24% Co, 75.4% Fe, 0.6% Cr) (Telcon Metals Ltd., U.K.); 
and Ag (99.99%) at 75 W. The background pressure was 
2-5 X10~ 7 Torr; during sputtering, the Ar pressure was 5 
mTorr. The substrates were 26-/rm-thick Kapton® polyimide 
(DuPont Ltd., U.K.); the substrate platen was water cooled. 
Typically 50 bilayers were deposited on each side of the 
substrate to equalize any film stresses. Two series types were 
made: (1) t Ag =2 nm, f H .Satso=2-12 nm or f Perm<: ndur24=2-15 
nm; (2) / Ag =0.5-10 nm, f H iSa.so=12 nm, or f Peraiendur24 =10 
nm. Results for the first HiSatSO series will be compared 
with those from multilayers with Cu in place of Ag inter¬ 


layers (Cu target 99.99%). Plain alloy films were also depos¬ 
ited, 600 nm thick for HiSat50 on one side of the substrate 
and 2X 600 nm thick for Permendur24, i.e., 600 nm on each 
side of the substrate. These thicknesses are comparable to the 
typical total thickness of Fe-Co alloy in the multilayers. 

In-plane magnetic hysteresis loops were measured using 
a quasi-dc inductive magnetometer, 2 H max =22 kAm -1 . 
Saturation magnetostriction was measured by small angle 
magnetization rotation (SAMR) 3 (see Ref. 1 for application 
to deposited samples) and strain-modulated ferromagnetic 
resonance (SMFMR). 4 The films were examined structurally 
using high-angle x-ray diffraction (XRD) in the 0-26 mode 
with Cu-Xa radiation. 


III. RESULTS AND DISCUSSION 

Electron probe microanalysis of sputtered HiSat50 films 
shows that they contain 45 wt % Fe, 55 wt. % Co, and ap¬ 
proximately 0.2 wt. % Ta. A bulk polycrystalline alloy of this 
composition would have \ 5 =53 ppm; this is true for compo¬ 
sitions 1=5 ±5% of the nominal. 5 

XRD traces of the Fe-Co/Ag and Fe-Co/Cu multilayers 
show that the alloy layers are polycrystalline, with bcc struc¬ 
ture and no significant crystallographic texture. Peaks due to 
fee Ag generally coincide with alloy peaks, so it is not pos¬ 
sible to say whether the Ag layers are textured. No XRD 
satellite peaks are seen, indicating that the alloy-noble metal 
interfaces are rough. This is supported by low-angle XRD 
and kinematic modeling. Ag layers are possibly not continu¬ 
ous for /A g <!= “5 nm. 6 

The Scherrer equation 7 has been used with the bcc (110) 
peak widths to estimate the grain sizes in the films. (No 
account was taken of any possible inhomogeneous lattice 
strains, which also contribute to peak broadening.) Grain 
sizes in the HiSat50/2 nm Ag multilayers are 3-14 nm; in 
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FIG. 1. Saturation magnetostriction of HiSat50/Ag multilayers. r Ag =2 nm. FIG. 2. Saturation magnetostriction and coercivity for HiSat50 (Ref. 5). H c 

• X,, SAMR data; ■ X,, SMFMR data; O bulk polycrystalline X s (Ref. 5): plain alloy film=6.9 kA m' 1 . 

A H C .H C plain alloy film=6 9 kA m -1 . 


HiSat50/2 nm Cu, 5-14 nm. Thicker alloy layers produce 
larger grains in both cases. 

Average lattice strain was calculated from the XRD peak 
positions by comparison with bulk Ag d xn or the d m spac¬ 
ing for the thick Fe-Co films. In the series with constant 
f Ag =2 nm, for thinner alloy layers, the average Fe-Co d Uf) 
spacing perpendicular to the film plane is expanded (up to 
1.0% for HiSat50, 1.6% for Permendur24). The spacing re¬ 
laxes towards the plain film value for thicker alloy layers. 
The Ag(lll) spacings show no trend with but the lat¬ 
tice is contracted up to -1.0%. In multilayers with fixed 
^ Fe-Co an(1 ' aried t A g , there is contraction up to -1.0% in 
thinner Ag layers, tending weakly towards the bulk value as 
f Ag increases. The Fe-Co </ uo spacings follow the same pat¬ 
tern as Ag d m as f Ag varies. The HiSat50 d UQ strain rises to 
+0.3% as / Ag increases; similarly, the Permendur24 d lw 
strain rises to +1.1%. Please note that although these strains 
are perpendicular to the film plane, it does not follow that the 
in-plane strains are necessarily of opposite sign. 8 

We have already reported some results on HiSat50/2 nm 
Ag multilayers. 1 Here we add X* data obtained SMFMR 
measurements (Fig. 1), which confirm the validity of the 
SAMR technique for such samples. Enhancement of V, is 
observed for multilayers with thicker r HlSal50 and f A g =2 nm; 
83 ppm is the highest seen, compared with 53 ppm for bulk. 5 
A significant reduction of H c is seen for all the multilayers, 
compared to that of a plain 600 nm HiSat50 sputtered film. 1 
H c =450 Am -1 is observed for a multilayer containing 12 
nm HiSat50 layers and 2 nm Ag layers (this is also the most 
magnetostrictive sample) compared to 6.9 kA m _1 for the 
plain HiSat50 film. H c values for plain alloy films giver, here 
are underestimates, since these films were not saturated in 
the field available in the dc magnetometer. The values given 
are those for which M =0 on reducing the applied field from 
// max =22 kAm' 1 . 

H c and \j for HiSat50/2 nm Cu multilayers are presented 
in Fig. 2. The softening effect of interlayers is again seen 
with similarly low coercivities obtained, although the trend is 
opposite to that seen in the HiSat50/2 nm Ag multilayers 
(i.e., for Cu interlayers, thinner HiSat50 layers, with smaller 


grain sizes, give the softer films). \ s is slightly enhanced 
over the bulk value 5 but the increase is not as large as that 
seen for thicker HiSat50 layers with Ag interlayers. 

Figure 3 shows the effects of different thicknesses of Ag 
interlayers on the properties of multilayers with 'msatso^l 2 
nm. It is thought that Ag layers become continuous only for 
f Ag >s ®5 nm 6 and this may account for the dip in k s at around 
that value. The maximum H c in this series occurs around 
/ Ag =8 nm. 

These results are to be compared with those for multi¬ 
layers containing Permendur24 (Figs. 4 and 5), which con¬ 
tains a greater proportion of Fe and has a lower bulk poly¬ 
crystalline \ f than HiSat50 (around 28 ppm). 5 Again, the 
alloy films are softened by the presence of Ag interlayers and 
\ s is enhanced. /i c =560 A m _1 for a multilayer with 12 nm 
Permendur24 layers and 2 nm Ag layers, compared with 4.6 
kAm -1 for a 2X600 nm plain film. The highest \ s value 
observed is 45 ±3 ppm an increase of about 60% over the 
bulk value, for the multilayer 2X40 (10 nm Permendur24/10 
nm Ag). A similar value is found for 2X50(10 nm 
Permendur24/2 nm Ag), which has low H c . The differences 
in behavior between the Ag and Cu series may result from 



FIG. 3. Saturation magnetostriction and coercivity of HiSat50/Ag multilay¬ 
ers with fixed HiSat50 thickness (fii,sat 5 o = 12 nm). • X,. MH C . Open sym¬ 
bols: bulk alloy X s (Ref. 5) and H c . 
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FIG. 4. Saturation magnetostriction and coercivity of Permendur24/Ag mul¬ 
tilayers. r Ag =2 nm. • \ s , ■ H c , O bulk polycrystalline alloy X, (Ref. 5). 
Plain alloy film H c = 4.6 kAtn -1 . 


the different wetting characteristics of Cu and Ag on Fe and 
Co. The crystallographic strain perpendicular to the film 
plane in multilayers of HiSat50/2 nm Cu is slightly greater 
than in HiSat50/2 nm Ag multilayers. Although Ag is a larger 
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FIG. 5. Saturation magnetostriction and coercivity of Permendur24/Ag mul¬ 
tilayers with fixed Permendur24 layer thickness (rp cm) „ d . J[24 =10 nm). • X,, 
■ H c . Open symbols: bulk polycrystalhne alloy X, (Ref. 5) and H c . 


atom than Cu (Ag a 0 =0.41 nm, Cu a 0 =0.36 nm) Cu has a 
larger Young’s modulus (£ Cu =118 GPa, £ Ag =76 GPa) 9 so it 
strains less readily, forcing the alloy layer to strain more. The 
data we have do not permit a comparison of the roughness of 
the interfaces in the two systems, although we can state that 
neither is smooth. It appears that lattice strain is not the 
mechanism for enhancing \ s ; work is in progress regarding 
magnetization orientation effects. 

IV. SUMMARY 

Both Ag and Cu interlayers of various thicknesses re¬ 
duce the coercivity of Fe-Co alloy sputtered films by up to an 
order of magnitude. In certain cases, A s is enhanced by 
nearly 60% over the value expected for bulk polycrystalline 
alloys of similar compositions. Some results taken by 
SAMR have been independently confirmed by SMFMR. 
Greater effects are seen in multilayers containing Ag inter¬ 
layers than in those containing Cu interlayers; this difference 
is tentatively attributed to the difference in wetting of Ag and 
Cu on Fe and Co. It has been demonstrated that multilayers 
can be deposited which are simultaneously magnetically soft 
and highly magnetostrictive, a characteristic desirable in sen¬ 
sor and transducer applications. 
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The structure of thin cobalt films sputtered on a rhenium buffer was analyzed from room 
temperature to 963 K, using the perturbed angular correlation technique with the m In/ m Cd probe. 
The hyperfine field corresponding to the fee phase, which is the stable one above 704 K, is never 
observed, and the measured hyperfine field follows closely a theoretical prediction for the hep phase. 
This is a consequence of the good match between the cobalt and the Re hep lattices that leads to the 
stabilization of the hep phase up to 963 K. 


I. INTRODUCTION 

As the structure of magnetic thin films and superlattices 
(SLs) determines their magnetic properties, it becomes im¬ 
portant to control it on a microscopic level, leading to the 
tailoring of materials with prespecified properties. Cobalt is 
one of the elements more frequently used in magnetic SLs. 
While its stable phase has a hep structure below 704 K, 
above that temperature a phase transition to fee is observed. 1 
Total-energy band structure calculations at 0 K predict cor¬ 
rectly the hep phase as the stable one, 2 with the fee and bcc 
phases slightly higher in energy. The small energy differ¬ 
ences suggest however the possibility of occurrence of the 
fee and bcc metastable phases, even at room temperature. 
The bcc phase was first obtained 3 by epitaxial growth of Co 
on (110) GaAs, and later 4 by epitaxial growth on (100) Fe. 
The fee structure is generally presented in samples submitted 
to mechanical or thermal treatments. 1 Although the mecha¬ 
nism of the phase transition at 704 K is well known 5 and 
explained as corresponding to the slip of planes normal to 
the (0001) hep and (111) fee axes, its cause is still not yet 
understood. Temperature-dependent calculations of the total 
energy should be able to determine whether an energy cross¬ 
over between the hep and fee phases exists. 

In this work, the 704 K phase transition in Co thin films 
grown on a hep rhenium buffer is investigated. Re was cho¬ 
sen due to the small mismatch A(c/a) = 0.5% relative to the 
Co hep lattice. Measurements were carried out at tempera¬ 
tures up to 963 K, using the perturbed angular correlation 
(PAC) hyperfine interactions technique, based on the obser¬ 
vation of the spin rotation of a lu Cd probe implanted in the 
film. Since the magnetic hyperfine fields (HFFs) are well 
known for both Co phases, the method is very sensitive for 
following the phase transition in a microscopic way. 

II. EXPERIMENTAL DETAILS 

Co thin films on a Re buffer grown on glass and silicon 
substrates were produced with a modified argon sputtering 


apparatus (Alcatel SCM 540). The pressure in the target 
chamber before the introduction of argon was 5 X10" 8 Torr. 
Co was deposited by rf magnetron sputtering at 5 mTorr and 
Re was deposited by dc magnetron sputtering at 2.5 mToir. 
The deposition rates were 0.04 and 0.1 nm/s, respectively. 
Film thickness was monitored in situ by the vibrating quartz 
crystal method, and checked with Rutherford backscattering 
(RBS) analysis. 5 The Co layers were 22, 34, and 40 nm thick 
for the films studied in this work. The Re buffer layer was 30 
nm thick in all cases. 

The Re buffer is highly structured with the c axis normal 
to the film surface, and the same orientation is observed by 
x-ray diffraction and cross-sectional high resolution trans¬ 
mission electron microscopy for the Co films. 7,8 This is a 
consequence of the good lattice match between the Co and 
Re hep structures, where A(c/a) = 0.5%. 

The ul Cd probe atom has been introduced in the films 
by implantation with 80 keV energy of the ni ln parent iso¬ 
tope to doses of about 10 13 at./cm 2 . The implantation range 
and width are 16 and 6 nm, respectively, so the probe is 
confined to the Co layers. The PAC technique measures the 
Larmor nuclear spin precession frequency induced by the 
magnetic HFF at the probe site. The Larmor frequency is 
observed in the oscillating anisotropy amplitude of the coin¬ 
cidence spectra of the 173-247 keV y-y cascade of 1H Cd. 
This is done by measuring the number of coincidences as a 
function of time, N(0,t), using four detectors in the same 
plane at 90° angles, and calculating the usual anisot¬ 
ropy function /?(/) = 2. [A/( 180 0 ,/)-A r (90°,r)]/[A r ( 180°,r) 
+ 2.1V(90 0 ,/)]- For a pure magnetic interaction, the R(t) 
function is a sum of cosines with the Larmor frequency 
(o L =-/xB/Ih and its 2w L harmonic, where B is the local 
field at the lu Cd probe and /x the magnetic moment of the 
1=5/2 intermediate state of the cascade. The known weak 
electric field gradient of the hep Co lattice leads to a small 
damping of the spectra, 9 and was taken into account in the 
calculations. In this way the experimental data have been 
fitted with a theoretical function using uj l and the percentage 
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FiG. 1. PAC time spectra and corresponding Fourier transforms for one of 
the films. 


of probe nuclei with a particular hyperfine interaction as ad¬ 
justable parameters. The magnetic frequencies obtained fol¬ 
lowing this analysis are also observed in the Fourier spectra, 
where the linewidth is broadened due to the quadrupole split¬ 
ting. 

Two setups were used, one with NaI(Tl), and the other 
with BaF 2 detectors. The time resolution of 2.3 ns for 
Nal(Tl) and 0.7 ns for BaF 2 allows the observation of the 
precession frequencies, with a 1% error mainly due to the 
error in the time calibration. The measurements have been 
performed as a function of temperature under 1(T 6 Torr pres¬ 
sure. The maximum temperatures reached for each of the 
films were, respectively, 963, 759, and 773 K. In each of the 
films several runs were done starting at room temperature. 
The frequencies obtained for the same temperature in differ¬ 
ent runs were the same within experimental errors, and the 
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FIG. 2. RBS spectra and derived depth profiles of a Si/Re 30 nm/Co 22 nm 
film taken before and after 1 h annealing at 923 K. 
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FIG. 3. Temperature dependence of the reduced hyperfine field at ln Cd in 
Co, in Co/Re thin films. The full line represents the bulk magnetization. The 
dashed line is a theoretical prediction for the hep field above the phase 
transition temperature (Ref. 13). The temperature dependence of the hyper¬ 
fine field at nl Cd in fee Co (Refs. 13-15) is also shown. 


temperature dependence of the frequency was also the same 
in the three films, so the results obtained will be treated as a 
single experiment. 

RBS experiments were done using a 1.6 MeV He + beam 
detected by a 15 keV energy resolution detector located at 
160° with the incidence direction in the Cornell geometry. 


III. RESULTS 

In Fig. 1 the spin rotation curves and their corresponding 
Fourier transforms are shown for one of the films, measured 
with the BaF 2 detectors setup at different temperatures. The 
normal to the plane of the film was in the detector plane, at 
45° with two of the detectors. The field orientation is clearly 
reflected in the relative amplitudes of the u> L and 2w ; fre¬ 
quencies. It is in the plane of the film, as already seen in 
Co/Re multilayers. 10 Separate experiments were done at 
room temperature with the film in different positions, leading 
to different u> L and 2 (o l amplitudes, confirming that orienta¬ 
tion of the HFF. In Co single crystals the HFF is along the c 
axis at room temperature, and turns slowly to the basal plane 
between 500 and 600 K. 9 This reorientation of the magnetic 
moments does not occur in these thin films, due to the de¬ 
magnetizing field. 

The clearly separated satellites observed at the left of the 
u) L and 2 co l peaks correspond to a well-known stacking fault 
defect. 11,12 This defect is due to the sputtering process and 
does not interfere with the determination of u) L . Its fraction is 
maximum at room temperature, and decreases with anneal¬ 
ing. 

At temperatures higher then 800 K, new frequency com¬ 
ponents (not shown) are seen in the Fourier spectra. How¬ 
ever, the ul CdCo peaks are still clearly defined. RBS studies 
of the 22 nm Co film were done as function of annealing 
temperature. Below 823 K no change could be observed. The 
RBS spectra taken before and after 1 h annealing at 923 K 
are shown in Fig. 2, together with the derived depth profiles, 
showing clearly that diffusion occurred between the Co and 
Re layers. Therefore, the new frequency components are 
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FIG. 4. Temperature dependence of the fraction of probes feeling a well- 
defined hyperfine field, normalized to the room temperature value. 

likely to be related with a fraction of probes in the mixed 
region, while some remain in a pure Co environment, leading 
to the ul CdCo field. 

IV. DISCUSSION 

The temperature dependence of the reduced HFF 
B hf (T)/B hf (0 K) is shown in Fig. 3 together with the bulk 
Co magnetization M(T)/M(0 K) 1 and the HFF of m Cd in fee 
Co. 13-15 It is clear that throughout the temperature range of 
this experiment, the temperature dependence of the measured 
field is smooth and in very good agreement with the one 
expected for hep Co; indeed, the fee field is never observed, 
and the known 10% discontinuity of the HFF that takes place 
at the phase transition is not present, which proves that no 
fee phase is present. Also, the deviation from the bulk mag¬ 
netization of the HFF of Cd and other 4 sp impurities in Co 
has been explained previously by Lindgren et alP In this 
model a temperature dependent sd hybridization contributes 
a local field at the probe site adding up with the conduction 
electron contribution. Their calculation for the HFF of Cd in 
hep Co is given as the dashed line in Fig, 3. The HFF ob¬ 
tained in the present study is in very good agreement with 
the predicted values above the phase transition temperature, 
confirming that the hep structure was retained as a meta¬ 
stable phase throughout the temperature range attained. 

The fraction of probes feeling the well-defined HFF of 
Cd in hep Co is shown in Fig. 4 as function of temperature, 
normalized to its room temperature value. The solid line is a 


fit to the data above 625 K assuming an Arrhenius law. The 
extrapolation of the fit to a 1.0 normalized fraction of probe 
nuclei in substitutional positions in a pure Co environment 
yields r(/=1.0)= 655 K. This is 150 K below the occur¬ 
rence of mixing between the Co and Re layers, so the de¬ 
crease observed must be related to diffusion of the probes out 
of the Co layer. 

V. CONCLUSIONS 

The hep structure of Co was retained above the fee phase 
transition temperature and up to 963 K, as a metastable 
phase, by growing thin Co films on Re substrates. No fee 
phase was observed, and the temperature dependence of the 
hyperfine field at the Cd site in the Co films above the usual 
phase transition temperature of 704 K follows closely a theo¬ 
retical prediction for the hep field. 
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We have developed a new numerical micromagnetic simulator based on the curling particle 
assembly model and the finite element method which describes the static magnetization process in 
soft magnetic films successfully, and which exhibits many details of that process. Compared to 
conventional numerical treatment of the magnetic structure in soft magnetic films, e.g., the Landau- 
Lifshits—Gilbert equation method v atly proposed Monte Carlo method, our approach has the 

following advantages: high calcula on speed, arbitrary meshing size, and good agreement with 
experiment. 


I. INTRODUCTION 

Studying the static magnetization process in soft mag¬ 
netic thin film is of interest for domain-control technology. 
As a conventional analytic method, the Landau-Lifshits- 
Gilbert (LLG) equation method has been well used. 1,2 Re¬ 
cently a Monte Carlo method was proposed 3 which uses ran¬ 
dom numbers to calculate an approximate result for eventual 
phenomena such as unknown magnetization distribution in 
soft magnetic films. 

In this article a new numerical micromagnetic simulator 
based on the curling particle assembly model 4 and the finite 
element method (FEM) is developed. Compared to the other 
methods, our approach has the following advantages: high 
calculation speed, arbitrary meshing size, and good agree¬ 
ment with experiment. 

Magnetic structures of rectangularly striped permalloy 
film, which can be typically used for magnetoresistive head, 
are modeled. The easy magnetic axis is aligned in the trans¬ 
verse direction. At the beginning, the spontaneous subdo¬ 
main configuration for a stripe of a given length/width ratio 
is simulated by determining the minimum free energy. The 
static magnetization process due to a slowly changing exter¬ 
nal field is then simulated. The above simulation results are 
generally in agreement with Bitter pattern experiments. 

II. OBSERVATION 

The sample for the Bitter pattern experiment is a rectan¬ 
gular Ni 80 Fe 20 film (thickness=100 nm, width=10 fim) 
formed by rf sputtering, photolithography, and ion-etching 
process. An anisotropic field H k = 4.2 Oe is induced along 
the width direction by applying a field of 15.5 Oe in the same 
direction while sputtering. The samples were coated by a thin 
magnetic colloidal solution and the domains were observed 
under an optic microscope. 

The static magnetization process for a stripe with the 
length/width ratio of 2:1 is shown in Fig. 1. Based on the 
equilibrium ground state of the closure domain pattern, a 
uniform external field H is applied along the transverse and 
longitudinal directions. The common rule is that those do¬ 
mains with magnetizations parallel to H grow whereas those 
domains with magnetizations antiparallel to H shrink and 
therefore magnetic walls move. Eventually a single domain 
state is achieved at a field H s . We find that H s along the 


longitudinal direction is about 10 Oe, and is much smaller 
than the value of 50 Oe determined for H s along the trans¬ 
verse direction. 

III. DESCRIPTION OF SIMULATOR 

The flow chart of our simulator is shown in Fig. 2. A soft 
magnetic film is divided into an array of n X m square cells, 
where each cell is assumed to be an assembly of a certain 
number of magnetic particles. The angle of the magnetiza¬ 
tion in each particle is chosen such that it minimizes the 
energy function which covers the exchange, anisotropy, de¬ 
magnetizing, and external field terms according to the curl¬ 
ing model. The magnitude and direction of the magnetization 
(magnetization vector) of each cell is determined by comput¬ 
ing the arithmetic mean of those of all particles in that cell. 
The magnetic properties of each particle are determined by 
forcing the calculated hysteresis curve, with the aid of our 
hysteresis curve simulator, 4 to resemble the measured curve 
in shape. The parameters to be adjusted for the curling model 
are shown in Table I. The adjusted parameters are as follows: 



al(OOe) a2(5 Oe) a3(15 Oe) a4(50 Oe) 



bl (0 Oe) b2<5 Oe) b3(15 Oe) b4(50 Oe) 



cl(0 Oe) c2(3 Oe) c3( 7 Oe) c4(10 Oe) 



<31(0 Oe) d2(3 Oe) d3( 7 Oe) d4(10 Oe) 


FIG 1. The Bitter pattern experiment 
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length/width ratio 


| Start I 

Set interaction factor, p 


j m =ju;'VxM 


Modify magnetization current, 
j m = 2 rr' arctanf 6/D) j m 


Calculate potential, A, from 
Vx( p-'lJo' VxA) =im + io 


B = VxA 

_ J, I. . 

Calculate magnetization, M, by 
the curling particle assembly model 


An iteration method, 

M„ = M„_, + k ( M - M„_,) 



Stop 


FIG. 2. Flow chart. 

the curling model parameter S=(l.08H k /H c ) ll2 =3.37, 
M s =700 emu/cc,// c =0.4 Oe, (t h JH c = 0.1, #*=4.2 Oe, 
cr Hk ///* = 0.1, a g -10 deg. 

In general two-dimension model the thickness of the film 
is assumed as large enough. To realize the quasi-three- 
dimension (FEM) simulation of very thin film, we have to 
correct the demagnetizing field by a factor (2/7r)arctan(<S/Z)), 
where S and D are the thickness and width of the film, re¬ 
spectively. This is because the demagnetizing factor of a long 
stripe thin film with the thickness S and the width D is ap¬ 
propriately (2/7r)arctan(<5/D) in the transverse direction. In 
FEM program, however, we cannot separate the demagnetiz¬ 
ing field from the total field, so that we modified the magne¬ 
tization current j m instead of the demagnetizing field, as 
shown in Fig. 2. 


TABLE I. The adjusted parameters for the curling model. 


Magnetic 

property 

Distribution 

function 

Parameters to 
be adjusted 

Curling model 
parameter 


S 

Saturation 

magnetization 


M s 

Coercive 

field 

Gauss 

distribution 

Average H c , standard 
deviation a Hc iH < 

Anisotropic 

field 

Gauss 

distribution 

Average H k , standard 
deviation <j Hi /H k 

Direction 
distribution 
of easy axis 

Gauss 

distribution 

Average 0, standard 
deviation <t $ 



FIG. 3. The spontaneous subdomain configuration. 


It is taken for granted to assume a mean field interaction 5 
between particles for permalloy. The mean magnetic field is 
assumed to be proportional to the intensity of the mean mag¬ 
netization in the surroundings of the particle. For simplicity, 
we take the mean field as //, ncan =aB//i, 0 , where B is the 
magnetic flux density and a is a constant. The effective field 
in a soft magnetic film is then expressed as 

H tK -H + H mcm -H + aB/fi 0 = ( 1 + a)H+ aM//j. 0 . 

( 1 ) 

Here H is the magnetostatic field which consists of the ex¬ 
ternally applied field and the demagnetizing field. The equa¬ 
tion expressing the relationship between the flux density B 
and the field H then results in 

B =/x 0 H cf( +M = (l + a)(/j, 0 H + M) = fl(fi 0 H + M), 

( 2 ) 

where /J=l + a which represents the interparticle mean field 
interaction. Applying Ampere’s law VxH=j, the essential 
equation of FEM becomes 



j.iu 't * j ^3 *■ Uc 64 1 


FIG. 4. The simulated static magnetization process. 
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where A (B= VXA) is the vector potential. The solved mag¬ 
netization M in every cell is converted into an equivalent 
magnetization current by j m =HQ l (yx-M) and the substi¬ 
tuted into the magnetization current term j m in Eq. (3). This 
procedure is repeated until the final equilibrium state is 
reached. 

IV. SIMULATED RESULTS 

By making use of the above micromagnetic model, the 
spontaneous states of the well-known closure domain pattern 
are given in Fig. 3 for various length/width ratios. For com¬ 
parison, the corresponding Bitter patterns are also shown in 
the same figure. 

Then the static magnetization process due to a slowly 
changing field is simulated. The uniform external field H is 
induced by a pair of Helmholtz coils. Figure 4 is a example 
for a 2:1 stripe which demonstrates good agreement with the 
Bitter pattern experiment in Fig. 1. Further, this simulation 
can explain the phenomenon that the walls of the main do¬ 
main become less well defined in Fig. I(c3) and Fig. I(d3) 


and finally disappear completely in the Bitter pattern experi¬ 
ment. It is because of the large-angle rotation of the moments 
in the main domain, as shown in Fig. 4(c3) and Fig. 4(d3). In 
other words, from this simulation we can observe clearly the 
two major magnetization mechanisms: wall displacement 
and magnetization rotation. 

V. CONCLUSION 

Attempts to simulate the static mapetization process in 
soft mupetic film using the particle assembly model yield 
good apeement with experiment. In the future it may be 
interesting to find a direct microscopic evidence in physical 
structure. 

'T. L. Gilbert, Phys. Rev. 100, 1243 (1955). 

2 Z. Guo and E. D. Torre, Digests of 1NTERMAG’93, AC-06, Stockholm, 
Sweden, 1993. 

3 K. Tan, I. Tagawa, and Y. Nakamura, Proceeding of the 1994 IE1CE An¬ 
nual Conference, C-496, Keioh University, April 1994 (unpublished). 

4 Y. Nakamura and I. Tagawa, IEEE Trans. Mag. MAG-25, 4159 (1989). 
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Magnetic and structural properties of Fe-FeO bilayers 
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The structural and magnetic properties of sputtered Fe/Fe-0 films were studied by x-ray 
photoelectron spectroscopy (XPS), Rutherford backscattering spectroscopy, transmission electron 
microscopy, and superconducting quantum interference device. XPS studies showed the presence of 
FeO and Fe 2 0 3 on the surface of as-made samples. Microstructure studies showed a uniform 
nanostructure with the grain size in the range of 50-150 A with smaller grains corresponding to 
thinner films. The coercivity at 10 K was found to increase substantially with decreasing film 
thickness below 60 A. A high H c (2.7 kOe) was observed in samples with a thickness about 20 A. 
Magnetization curves showed a planar anisotropy with a shifted hysteresis loop characteristic of an 
exchange anisotropy between the Fe and Fe-0 coating. The coercivity was found to drop steeply 
with increasing temperature. This may be attributed to the superparamagnetic behavior of the Fe-0 
surface layer. 


I. INTRODUCTION 

During the last several years, iron oxide thin films have 
been extensively investigated because of their unusual mag¬ 
netic properties and potential application in high density re¬ 
cording media. 1-5 In these studies, iron oxide thin films were 
prepared by a variety of methods, including reactive rf sput¬ 
tering from iron targets in a mixed 0 2 and Ar atmosphere. 
The structural and magnetic properties of the films were 
found to strongly depend on the oxygen flow rate, the sub¬ 
strate temperature and the thickness of the film. Different 
iron oxides (FeO, Fe 3 0 4 , a-Fe 2 0 3 , and •y-Fe 2 0 3 ) were found 
in films with thickness in the range from several hundred to 
several thousand angstroms. 

Very few studies have been conducted on iron-iron oxide 
systems. 6-8 Schneider et al. 7 found a high coercivity in 
Fe-Fe 2 0 3 annealed at 200 °C. However, Ruf and Gambino 8 
observed a strong exchange anisotropy in sputtered Fe-FeO 
layered films instead of a high coercivity. Recent studies on 
Fe-Fe oxide fine particles showed a high coercivity and ex¬ 
change anisotropy at low temperatures consistent with a 
core-shell particle morphology. 9 

In this study we extended the studies on Fe-Fe oxide 
particles to bilayer films made by dc magnetron sputtering. 
Iron oxide was formed by direct oxidation of the surface of 
the as-made Fe film. 

II. EXPERIMENTAL PROCEDURE 

A dc planar magnetron sputtering system was used to 
prepare the Fe-Fe oxide bilayers. The sputtering target used 
was a 99.9% Fe disk 2 in. in diameter and 0.053 in. in thick¬ 
ness. The distance between the target and the water cooled 
substrate holder was 13.5 cm. The sputtering chamber was 
initially pumped down to 7X 10 -8 Torr by a crypopump and 
then the Fe film was deposited onto a kapton substrate by 
sputtering in a 5 mTorr Ar atmosphere. Aluminum and 
carbon-coated copper grids were also used as substrates to 


study the structural and microstructural properties of the 
film. The thickness of the films was between 20 and 200 A. 
Soon after the film was made, a small amount of ambient air 
was introduced into the system to passivate the surface of Fe 
films under three different pressures (335, 735 and 1070 
mTorr) for 2 h at the ambient room temperature (we use the 
same passivation conditions as in Fe particles 9 ). The as-made 
samples were protected by depositing a 100 A Ag coating 
layer on top of the bilayers. 

The Fe-Fe oxide bilayer thickness was measured by Ru¬ 
therford backscattering spectroscopy (RBS) and the surface 
composition and depth profile were studied by x-ray photo¬ 
electron spectroscopy (XPS). The crystal structure of bilay¬ 
ers was determined from selected area electron diffraction 
(SAD) data and the microstructure was studied using a JEOL 
JEM-2000 FX transmission electron microscope (TEM). The 
magnetic properties were studied using a superconducting 
quantum interference device (SQUID) magnetometer. 

III. RESULTS AND DISCUSSION 

Figure 1 shows two bright field micrographs and a se¬ 
lected area diffraction pattern of a 112 A sample sputtered at 
1.0 A/s and oxidized at 1.07 Torr air. A uniform and continu¬ 
ous distribution of grains could be seen from the bright field 
pictures. The grain size determined by the line intercept 
method was observed to increase from 50 to 150 A as the 
thickness of the samples increased from 20 to 200 A. For 
films with the same thickness but with different sputtering 
rates and oxidation pressures, the grain size was found not to 
vary significantly. From selected area electron diffraction 
patterns, bcc a-Fe and fee Ag were recognized. The apparent 
absence of reflections from the oxide layer in the diffraction 
pattern is probably due to the very small grain size and the 
small thickness of the oxide layer. 

Figure 2 shows a typical XPS spectrum of an Fe-Fe ox¬ 
ide sample. The asymmetric broadening of the higher energy 
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(C) 


FIG. 1. Bright field micrographs of two samples sputtered at 1.0 A/s and 
oxidized at 1.07 Torr. (a) 56 A and (b) 112 A thick, (c) SAD pattern of 
sample in (b). 



FIG. 3, Hysteresis loops of an Fe-Fe oxide sample at 10 and 300 K. 


edge of the metallic Fe peak was deconvoluted to determine 
the type and amount of Fe oxides present. After argon etch¬ 
ing for about 40 A, the peak due to Fe became stronger, 
indicating that the oxides were on the surface of the Fe film. 
Figure 3 shows typical hysteresis loops for an Fe-Fe oxide 
sample at 10 and 300 K. The shifted loop (shift by about 120 
Oe) indicates the presence of exchange anisotropy at the in¬ 
terface of a-Fe and Fe-0 phases. The loop shift was found to 
be smaller in thicker films. 

Magnetization studies perpendicular and parallel to the 
film plane showed an anisotrop • in the film plane in a sample 
of thickness of 112 A, which had been sputtered at 1.0 A/s 
and passivated at 1.07 Torr (Fig. 4). The lack of perpendicu¬ 
lar anisotropy is consistent with previous studies 10 which 
showed that oxygen contamination reduces the uniaxial sur¬ 
face anisotropy in Fe films having a thickness of several 
monolayers. With the increasing thickness, the surface an¬ 
isotropy energy is further reduced and the easy axis becomes 
planar. 

The coercivity of Fe-Fe oxide bilayers was found to de¬ 
pend strongly on both the total film thickness and tempera¬ 
ture. H c showed a large increase in samples with thickness 
below 60 A reaching a value about 2.7 kOe in a 20 A thick 
film (Fig. 5). In samples with a larger thickness, the coerciv¬ 
ity was almost a constant, —250 Oe. The thickness depen- 


Fe 


5 



Binding Energy (ev) 



FIG. 2. XPS spectrum of an Fe-Fe oxide bilayer sample with thickness of 

80 A. 


FIG. 4. Magnetization curves parallel and perpendicular to the film plane in 
an Fe-Fc oxide sample. 
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FIG. 5. Thickness dependence of H c in Fe-Fe oxide bilayers. 


dence of H c may be influenced by both the grain size and the 
amount of iron oxide in the sample. The grain size is larger 
in thicker films and this may lead to a multidomain structure 
with a reduced coercivity. However, the grain size is well 
below the single domain size of iron particles (200 A) even 
in the 200 A thick sample, and therefore the size does not 
play a significant role here. On the other hand the relative 
amount of iron oxide present in the bilayers is much higher 
in thinner films leading to a stronger effective exchange cou¬ 
pling between the iron and iron-oxide layers and therefore a 
higher coercivity. The latter assumption is consistent with the 
fact that the coercivity of films with less oxidation is lower. 
The quantitative aspect of this interaction remains to be fur¬ 
ther investigated. 

The coercivity decreases substantially with increasing 
temperature, as shown in Fig. 6. At room temperature, the 
coercivity is small but at lower temperature it increases sub¬ 
stantially. This behavior may be caused by the magnetic be¬ 
havior of the Fe-0 coating which may become superpara- 
magnetic at temperatures above 100 K. This is further 
supported by the thermomagnetic data (Fig. 7) which show a 
magnetic transition below room temperature possibly associ¬ 
ated with the blocking temperature of Fe-O. 



0 50 100 150 200 250 300 

T(K) 

FIG. 6. Temperature dependence of H c in an Fe-Fe oxide sample. 



FIG. 7. Magnetization as a function of temperature of an Fe-Fe oxide 
sample at an applied field of 500 Oe. (ZFC: zero field cooled; FC: field 
cooled.) 


IV. CONCLUSIONS 

Fe-Fe oxide bilayers were made by dc magnetron sput¬ 
tering method. The oxide layer was formed by passivating 
the surface of Fe film. The thin film was observed to have a 
uniform distribution of grains and the grain size increased 
with the increasing thickness from 20 to 200 A. A high co¬ 
ercivity (2.7 kOe) was observed in a sample of 20 A, depos¬ 
ited at 1.0 A/s and passivated at 1.07 Torr air. A displaced 
hysteresis loop was observed in samples indicating a strong 
anisotropy at the iron-iron oxide interface. The coercivity 
was found to decrease substantially when the film thickness 
increased above 60 A and the temperature increased above 
100 K. The latter behavior was attributed to the superpara- 
magnetic behavior of the Fe-0 coating which might consist 
of very fine grains that had a blocking temperature around 
100 K. 
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Ferromagnetic-ferromagnetic tunneling and the spin filter effect 
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Tunneling characteristics of a ferromagnetic-antiferromagnetic-ferromagnetic (FM-AFM-FM) thin 
film tunnel junction were studied in high magnetic fields with a view to investigate magnetic 
coupling by the tunneling process. Gd 2 0 3 , a stable oxide which undergoes antiferromagnetic 
ordering below about 3.9 K, was chosen as the tunnel barrier between the ferromagnetic electrodes 
Gd and permalloy. Tunnel characteristics showed as much as 32% decrease in junction resistance in 
an applied field of 20 T, below 4.2 K. The resistance behavior as a function of H can be explained 
by two different effects: firstly, the change in tunnel conductance due to change in the relative 
magnetization of the two FM electrodes in low H\ secondly, the spin filter effect in high fields, due 
to the exchange splitting of the Gd 2 0 3 conduction band. 


I. INTRODUCTION 

In the past few years, there have been many investiga¬ 
tions with multilayer magnetic thin films. For example, if 
two magnetic films are separated by a thin nonmagnetic 
layer, then the current flowing in such a trilayer depends on 
the relative magnetization direction of the magnetic film. 1 
This is the case whether the current flow is by the tunneling 
process or in plane through the entire length of the trilayer. 
Several trilayer systems in non-tunneling work (generally, 
with a metallic film interlayer) have shown the characteris¬ 
tics needed to fabricate field-activated devices. 1 When tun¬ 
neling occurs between two ferromagnets, interesting effects 
can be expected if it is assumed that spin is conserved in the 
tunneling process. 2 Having two ferromagnetic electrodes 
with different coercive fields, one can expect the tunnel con¬ 
ductance to be dependent on the relative magnetization of the 
two electrodes. 3-7 When the two electrodes are aligned par¬ 
allel, a maximum in conductance is expected; the opposite is 
true for an antiparallel arrangement. The effects of FM-I-FM 
tunneling and the change in the relative magnetization direc¬ 
tion have been observed to bring up to 2%-3% change in 
junction resistance. 4,6 A simple model 4 gives the change in 
tunnel conductance due to the change in the relative magne¬ 
tization directions equal to 2P X P 2 , where P x and P 2 are the 
conduction band spin polarizations of the electrodes. For ex¬ 
ample, taking P,=34% for Gd and P 2 ~ 30% for NiFc, one 
expects a change of 20% in the tunnel conductance. How¬ 
ever, the observed change for various combinations of FM 
electrodes and barriers is far less than the expected value 
based on the simple model. Earlier, using a NiO x barrier in 
FM-FM tunneling showed limited success. 4-6 This deviation 
can be partially accounted for by impurities in the tunnel 
barrier, magnetic domain walls, and insufficient field to align 
the electrodes fully. 6 Recent theoretical studies have also in¬ 
dicated a small effect. 7 The present work is about the study 
of an antiferromagnetic layer intervening two ferromagnetic 
layers, with a view to investigate magnetic coupling by the 
tunneling process. Gd 2 0 3 , a stable oxide which undergoes 
antiferromagnetic ordering below --3.9 K, s was chosen for 
this study. In Gd/Gd 2 Oj/NiFe tunnel junctions, a large effect 


‘’Present address- Phillips Academy, Andover, MA 01810. 


on the junction resistance is observed upon the application of 
a magnetic field. The present experiments show that the latter 
effect is related to the spin filter effect, similar to that ob¬ 
served by Moodera et al. 9 Nowak and Rauluszkiewicz have 
recently reported excellent domain structure study in the tun¬ 
nel junction area and about 2.5%-7.7% change in tunneling 
resistance for Gd/GdO x /Fe junction in a field of ~80 Oe 
which they partially attribute to the spin filter effect. 10 How¬ 
ever, the exchange splitting due to the applied field, 2/zH, in 
their case is only ~7 /zeV and is too small compared to the 
reported barrier height of 0.276 eV to effectively show sig¬ 
nificant spin filter effect. 

II. EXPERIMENT 

Thin film junctions of Gd/Gd 2 0 3 /NiFe were prepared on 
LN 2 cooled glass substrates by vacuum evaporation. Metal 
masks were used to obtain the tunnel junction cross pattern. 
Initially, 40 nm cross strips of Gd were deposited. The 
Gd 2 0 3 barrier was then created by oxygen glow discharge of 
the Gd film surface. NiFe long strips of 18 nm were then 
deposited. The preparation process was entirely in situ. Two 
out of the 72 junctions were selected to be mounted on a 
probe to measure the resistance as a function of magnetic 
field and temperature down to liquid helium temperatures. 
The magnetic field was applied parallel to the junction plane. 
Two kinds of measurements were done: R } was measured as 
a function of applied field up to 20 T; second, I- V character¬ 
istics were plotted at H=0 and //=20 T up to 300 mV bias 
across the junction. The four terminal resistance measure¬ 
ment was used to avoid contact and lead resistance. 

III. RESULTS AND DISCUSSION 

Tunnel junction resistance was observed to increase as 
temperature decreased, showing the semiconducting nature 
of the Gd 2 0 3 tunnel barrier. At temperatures 4.2 K and be¬ 
low, a significant drop in junction resistance was seen with 
applied magnetic field. Figure 1 shows the variation of tun¬ 
nel junction resistance as a function of magnetic field, taken 
at 1.1 K for a representative sample. As seen in Fig. 1, junc¬ 
tion resistance showed a sharp initial decrease of ~6%, in 
low fields, region A(A'), followed by a slight increase in 
region B(B') where it nearly regains its original value. Some 
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FIG. 1. T\innel junction resistance variation with magnetic field. Data taken 
at 7= 1.1 K. 


other junctions oid not show this rise after the first decrease 
in resistance. In higher//, a more gradual and greater change 
in Rj is seen, and by H=10 T, the change is ~20% [region 
C(C')]. As seen in Fig. 1, Rj variation is not simple and 
straightforward. However, invoking the phenomena of tun¬ 
neling conductance dependence on the relative magnetiza¬ 
tion directions of the two electrodes and the spin filter model, 
one can try to explain the general trend of the data. Although 
not shown in Fig. 1, Rj vs H was measured up to 20 T, 
where Rj decreased by ~32%. The magnetoresistance of the 
electrodes alone was measured and found to have a negli¬ 
gible contribution to the junction resistance change. 

The I-V characteristics of the junctions were measured 
in H=0 and H=2Q T at various temperatures. Data reported 
here is for T= 1.1 K; data at 4.2 K or less showed qualita¬ 
tively similar behavior, while at higher temperatures Rj var¬ 
ied only a few percent. Shown in Fig. 2 is current density ( J) 
versus voltage at 1.1 K, in H= 0 and H= 20 T. The J-V 
curves are typical of junctions with good barriers. The 


current-voltage characteristic of a tunnel junction has been 
theoretically derived by Simmons, 11 based on a trapezoidal 
tunnel barrier. The tunnel current density is given approxi¬ 
mately by 





Xexp(-A(,^) 1/2 ]}, 


( 1 ) 


where J 0 =(e 2 l2 / irh)s~ 2 and A = (4irs/h)(2r» t ,' / 1/2 , with s 
being the barrier thickness, and <f) is the barrier height. By 
fitting the J-V curves to Eq. (1), tunnel barrier height (</>) 
was obtained for //=0 and H =20 T separately. This fit is 
also shown in Fig. 2. The barrier thickness ( 5 ) was found to 
be 3.05 nm. In H =0, the mean barrier height was 0.4105 eV, 
while at //=20 T it was found to be 0.4006 eV. Thus the 
mean barrier height decreased by 9.9 meV in 20 T field. 

Rj variation seen in Fig. 1 may now be explained as 
follows. At low H, the ~6% decrease in Rj( A,A') can be 
due to ferromagnetic-ferromagnetic tunneling with the rela¬ 
tive magnetization of the electrodes changing from antipar¬ 
allel to parallel direction. Region O represents the antiparal¬ 
lel alignment. This change is still quite low when compared 
to the expected 20% change 4 as discussed above, but the 
values in this region are quite similar to those observed by 
others. 3-7 The effects due to the relative magnetization direc¬ 
tion dominate at low H. The increase in region B(B') is not 
fully understood at this time; for example, exchange anisot¬ 
ropy at the AFM-FM interface may be at least partially re¬ 
sponsible. 

In high fields, the change in junction resistance is more 
gradual and greater as well. Simmons’ tunneling theory 
shows that a decrease in Rj is possible when <f> or 5 is de¬ 
creased. In the present case, the change cannot be due to a 
decreasing barrier thickness, since s is Gd 2 0 3 thickness, 
which is fixed. Such behavior was observed recently by 
Moodera et a l. 9 in tunnel junctions with antiferromagnetic 
EuSe barriers. There, the variation of the barrier height was 



FIG 2 J-V characteristics taken at 1.1 K in H=0 and 20 T (□ and O, FIG. 3 Schematic of conduction band exchange splitting of the antifcrro- 

rcspectively) applied field. Solid line is the fit to Simmons’ theory [Eq. (1)]. magnetic Gd 2 0 3 tunnel barrier and the spin filter effect. 
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attributed to the AFM to FM phase change in EuSe in an 
applied H, leading to exchange splitting in EuSe and result¬ 
ing in an energy separation of spin up and spin down bands 
(see Fig. 3). Since Gd 2 0 3 is antiferromagnetic, applying a 
strong magnetic field can be expected to drive it towards a 
ferromagnetic phase. The magnetic moment of the Gd 3+ ion, 
7.8fi b , 12 is conductive to such a phase change. The exchange 
splitting (2A) in a field is given by the Zeeman energy, 2 yuH, 
where ft is the magnetic moment of Gd 3+ ions in Gd 2 0 3 . 
The exchange splitting value is for the splitting of the bottom 
of the conduction band in Gd 2 0 3 , similar to europium 
chalcogenides. 13,14 The change in barrier height as expected 
from the exchange splitting, 2 /tH, is 9.03 meV at 20 T, 
which is in close agreement with the observed change of 9.9 
meV from H =0 to H =20 T. This clearly shows that the 
change in barrier height is closely associated with the con¬ 
duction band splitting in Gd 2 0 3 . This energy separation 
causes the spin up band to be at a lower energy than the spin 
down band, resulting in preferential selection of spin up elec¬ 
trons in the tunneling process, and thus decrease in resistance 
as well as spin polarization of the tunneling electrons (Fig. 
3), leading the tunnel barrier to serve as a “spin filter.” Ap¬ 
plied field effectively “tunes” the barrier height. The spin 
filter effect dominates at high H and temperatures close to 
and below the Neel temperature of Gd 2 0 3 , T„—3.9 K. 

Simmons’ tunnel current equation [Eq. (1)] can be modi¬ 
fied for the spin up and spin down current densities as fol¬ 
lows: 


I v\ 


i v \ 112 

\2/ ex P 

- a ( 

A' - 2 ) 1 


1 v \ 

/ vH) 

^ u +-jexp 

~ A Kt + 2) j 


where are the barrier heights, respectively, for the spin 
up and spin down tunneling electrons. The barrier heights for 
spin up and spin down tunneling electrons are (f>-ftH and 
respectively. So, at 20 T, <f> i was taken to be 0.4096 
eV, and </» t was taken to be 0.3916 eV. Now that spin up and 
spin down barrier heights are known, spin polarization can 
be found by evaluating J for the spin up and spin down 
energy bands. Spin polarization was found by defining 


P=(J T -J i )/(/ T +/ i ), 9 which gave values of 17%-23%. 
This does not take into account spin scattering or other ef¬ 
fects. 

IV. SUMMARY 

In conclusion, FM-FM tunneling has been studied. The 
present work shows that the junction resistance variation 
with H of the Gd/Gd 2 0 3 /NiFe tunnel structure can be ex¬ 
plained by two distinct effects; namely, FM-FM tunneling 
and the spin filter effect. Exchange splitting in H, given by 
the Zeeman energy, explain the J-V characteristics quite 
well. This latter effect also causes spin polarization of the 
tunneling electrons. The low H results are in agreement with 
previous studies, 3-7 and the high H results are similar to 
those seen in EuSe junctions by Moodera et al. 9 
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Theory of Brillouin light scattering from spin waves in multilayers 
with interlayer exchange and dipole coupling 
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An analytic Green-function theory is developed for the dipole-exchange spin waves and their 
Brillouin light-scattering spectra in perpendicularly magnetized magnetic multilayers and 
superlattices. We consider periodic structures consisting of a large number of similar ferromagnetic 
layers separated by nonmagnetic spacers. The dipole-dipole and exchange coupling are included 
between magnetic layers, as well as within the layers. 


We extend our previously developed analytic theories of 
Brillouin light scattering from dipole-exchange spin waves in 
magnetic films 1 and double layers 2 to the cases of perpen¬ 
dicularly magnetized magnetic superlattices consisting of al¬ 
ternating layers of a ferromagnet and a nonmagnetic spacer. 
The effects of dipole-dipole and exchange interactions (both 
intralayer and interlayer) are included. We obtain explicit 
approximate expressions for the spectrum of the collective 
spin wave modes of a superlattice. Numerical examples for 
Fe/spacer superlattices are presented. 

We assume a perpendicularly magnetized multilayer 
structure consisting of N identical magnetic layers separated 
by identical nonmagnetic spacers. The energy density W of 
the system can be written as 

^ X f dr dr'M*(2G rr i„5, ; +G ! rr » v )M r » ; 

-^2 \dvH r ,M\ r ( 1 ) 

where V is the volume of each magnetic layer (labeled by i 
and j) and M r , is the total magnetization at position r in 
layer i. The second term describes the Zeeman interaction 
with the static magnetic field, assumed to be Hi in all layers. 
The tensor G n ' tJ represents dipole and exchange interac¬ 
tions, with the diagonal term (?„.<„ corresponding to a single 
film case. We take the dipole and intralayer exchange inter¬ 
action tensors in the same form as for a single film 1 and 
assume for the interlayer exchange 

TO n f 

W, le = -j—lfildr dr'M*M r 'j8(p-p'), (2) 

LNV , yJ J 

where L is the superlattice periodic length (i.e., the sum of a 
spacer thickness and a magnetic layer thickness), and a is a 
constant of intralayer exchange 3 related to exchange constant 
by a=. where M 0 is the saturation magneti¬ 

zation (assumed to be the same in all layers). Also 
fi=. is an effective interlayer exchange parameter de¬ 
fined as in Ref. 2. The sum is over the adjacent layers, and p 
and p' are the in-plane components of r and r'. 

Next we rewrite W, using the linearized Holstein- 
Primakoff representation 4 as before, 3 and we transform the 


spin-wave (SW) polarizations a r , and a* with respect to any 
complete orthonormal basis <f> k {r,i), indexed by label k 


flr,=2 a k tf> k (r,i), a* = X at4>t(r,i). 


(3) 


The quadratic part W 2 of the energy density is then 


W 2 = X ^i 2 a f fl 2 + 2 [ 2 B* 2 a 1 a 2 + c.c. 


12 


12 


where, defining g as a gyromagnetic ratio, 


_gM o v f 

112 2 VN Z J 


dr dr' 


+ + 


<£*(i\ 0 &(r'J) 


X(G;,;+G-- ( )(l + «5 I; )-2,5(r-r') 

x, 


B 


jdr'G^+d. 

_gM 0 f 

- vn r.) 


dr dr' 4> x (r,i)d> 2 (r' ,j) 


XG rr ',/ 1 + < V- 


(4) 


(5) 


( 6 ) 


Here indices 1 and 2 stand for A, and k 2 , and the superscripts 
+, -, and z denote the corresponding components of the 
interaction tensor in terms of M ± = M x ±iM y and M z . 

To choose the orthonormal basis <p k (r,i) we assume that: 
(i) the interlayer interaction is weak, so that the SW modes of 
a single layer (SWSL) do not differ significantly from the 
corresponding modes S„ of a single magnetic film; 3 and (ii) 
the individual layers are thin enough for the different SWSLs 
to be well separated in frequency. With these two assump¬ 
tions the SW modes of a multilayer can be represented as 
SW composite modes (SWCM) of the following form: 


= <t>knQ(r,i) =L„, G S„(£,)exp( - k p), (7) 

where k is the in-plane wave vector, and £ is the spatial 
coordinate perpendicular to the layers measured from the 
center of layer i. The orthonormality condition is 


X L: iQ L, llQ , = N8 QQ ,. (8) 
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We now substitute the above expressions into Eqs. (5) and 
(6) to obtain A n and B 12 in terms of the coefficients L njQ , 
which we take to have the form 

L njQ =R nQ exp( - iQj) + T nQ exp(i<2;), (9) 

where Q, which generally depends on the mode number n, is 
a (dimensionless) superlattice Bloch wave number for the 
SWCM. 

By analogy to the single film case, 3,5 the values of R„q , 
T nQ , and Q depend on the effective “macroscopic pinning” 
at the top and bottom magnetic layers of the multilayer struc¬ 
ture. These macropinning parameters may depend on the dif¬ 
ferent effective anisotropy fields in the top, bottom, and bulk 
layers as well as on the anisotropy of interlayer exchange. 
Details will be given elsewhere, 6 but in the simple case of no 
multilayer boundary anisotropy we get 

Ln]Q=(2-S 0m ) 1/2 cos — , (10) 

where Q^irmlN, and m = 0,l,2,...,A r - 1. For any given k 
and n, we can eventually rewrite the coefficients A and B 
and the lowest nonhybridized SWCM frequencies as 

A kn,QQ' = aco M (k 2 +q 2 n ) + (/ 3Q 2 /2L )] 

+ \o>mU\ui,QQ' » (11) 

B]tti,QQ' ~ Wm^\ui,QQ’ . (12) 

a) knQ~ A kn,QQ~ l^kn,Ce| 2:= ^kno(llkne + l^M^Y ji.Qq)- 

(13) 

Here (o M =4irgM 0 , u> H =g(H-4TTM 0 )^gH, q n is the 
single-film transverse wave number for mode n, and 

fl kne =co w +«^[k 2 +^ 2 +()30 2 /2Z)], (14) 


with the single-film results we conclude that, if the 
multilayer has no “macrosurface” anisotropy, i.e., the inter¬ 
action between the first (or last) layer and its neighboring 
one is the same as for any adjacent layers in the bulk, there 
are no pseudosurface (Im £>0) composite modes. In this 
case the lowest frequency excitation will be the uniform pre¬ 
cession (constant L n]Q ) mode, which also will be the only 
one excited in FMR experiments. If there is a macrosurface 
anisotropy on the edges of a multilayer, the consistency 
equation to determine the composite modes transverse wave 
numbers Q will be similar to that for a film: 1,3 

(Q 2 -D 1 D 2 )m(QNL) = Q(D r +D 2 ) (18) 

with the parameters D x and D 2 characterizing the boundary- 
layer anisotropy of the interlayer exchange. The solutions of 
Eq. (18) for Q with imaginary values correspond to the pseu¬ 
dosurface excitations while real values produce the pseudo¬ 
bulk solutions. 

We first relate the above results to some recent FMR 
measurements. 7 The .wo branches of FMR can be associated 
with the hybridized pseudosurface and first pseudobulk com¬ 
posite modes. The hybridization occurs as the spacer thick¬ 
ness becomes greater than 5 A and is due to mixing of the 
branches with different q n but close SWCM frequencies. We 
expect low value of macropinning constant as the first 
pseudobulk composite mode has relatively small resonance 
amplitude. We assume that D 2 =0 and D^D, which 
roughly matches assumptions in Refs. 7 and 8. Using Eq. 
(18) we can write that far from the hybridization area for 
small D 

— = — [7r 2 + 4D+7r(7r 2 + 4D) 1/2 ]. (19) 

u) M 2 NL 


Uvn,QQ'~ jy 2 L*,QL nI Q'Pnnti(k) + P„„(kL)8QQ' ■ 

(15) 

The dipole matrix elements P nni] ( k) and P nn (kL) are defined 
analogously to the single film case. 3 The following factoriza¬ 
tion is possible: 

P nnl] (k) = S? k (i,j)P n (kL), (16) 

where P n (kL) depends only on the single-layer parameters 
and 

S ? k('J)= j exp(—A:Z|i—y|) (17) 

is a discrete analog of the dipole Green function 3 (denoting 
k=|k|). For N>1 we can write 6 U\m,qq 

~ PQ Q (kLN)P n (kL) where the function P QQ is given by the 
same formal expression as the matrix element P nn for a 
single film. 3 

Now, using Eqs. (11)—(15), we can calculate the fre¬ 
quencies of the nonhybridized composite modes in a similar 
way to the single film case. Equations (13)—(15) constitute a 
description of the multilayer in an effective-medium approxi¬ 
mation. In particular, Eq. (13) has the same form as for a 
single film, but with renormalized parameters. By analogy 


Equation (19) enables the value of D to be deduced from the 
experimental values of Aw. Although our approach is ca¬ 
pable of predicting the behavior of the FMR dispersion rela¬ 
tionships, there is no simple way to include hybridization in 
our formalism. The reason is that the possible mechanism for 
hybridization is mixing of single film modes with different 
transverse wave vectors but close frequencies, occurring due 
to the micropinning dependence on the spacer thickness. It 
would be worth developing a numerical perturbation theory 
of the kind used in Refs. 9 and 10 that would use our ana¬ 
lytical expressions as a zero-order approximation. 

For the case of Brillouin light scattering (BLS) experi¬ 
ments, where &~10 5 cm -1 , the above-mentioned effects will 
be much less important as the main role in the hybridization 
will be played by dipole interlayer interaction. Hence we 
apply the SWCM formalism to Fe/spacer multilayers with 
the parameters: a=1.15X10 -13 cm 2 , 4ttM 0 =21 kOe, 
H= 22.5 kG, L = 100 A, spacer thickness 10 A, and zero 
macro- and micropinning. It is straightforward to confirm 
numerically that for these parameters there is no noticeable 
hybridization of the modes with different n. In Fig. 1 we 
display the boundaries of the bulk bands for multilayers with 
/3= 10 s cm -1 and different values of N. One of the bound¬ 
aries (at Q=v), is independent of N within the given k in¬ 
terval. This can be explained by the vanishing of the dipolar 
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FIG. 1. Dispersion relationships for F-/spacer multilayers with number of 
layers AT=10 (A), 20 (B), and 40 (C). The flat curve represents the purely 
exchange branch (Q=Tr); curves A, B, and C represent the purely dipole 
branch (Q =0). /3=1() 5 cm" 1 . See the text for the other parameters. 

contribution for the modes with high Q. The other boundary 
(at (2=0) does not depend on the interlayer exchange. The 
dipolar contribution to this branch is significant and it de¬ 
pends on N. From our analysis we expect a scaling behavior 
with the dimensionless universal variable being kLN. In¬ 
deed, in Fig. 1 we see that the crossings, denoted by arrows 
are equidistant in the logarithmic k scale. In Fig. 2 we show 
the dispersion branches for Fe/spacer multilayers with N =5 
and different values of corresponding to ferromagnetic and 
antiferromagnetic interlayer exchange. The branch separation 
for the low k region, which is directly measurable from the 
BLS spectrum, is directly proportional to |/?|. This provides a 
convenient way of measuring /3. 

The extension of the above to obtain the BLS intensities 
follows a well-established procedure, generalizing our 
results 1,2 for thin films and double layers. Basically, the scat¬ 
tering cross section can be expressed in terms of a weighted 
summation over magnetization-dependent Green functions 
(( m nk'< m Z'k)) with W=x,y. The weighting factors depend 
on temperature, magneto-optical coupling, electric-field po¬ 
larizations, scattering geometry, and optical transmission co¬ 


FIG. 2. The dispersion relationships for a five-layer structure. The solid line 
corresponds to the purely dipole branch, while the dashed and broken lines 
refer to >3= 10 5 and -10 s cm" 1 , respectively. 

efficients at the various surfaces and interfaces. Once the 
appropriate Green functions have been calculated from the 
formalism described earlier (by linear-response methods), it 
is straightforward to determine the BLS intensities associated 
with the various SWCM modes. Details will be presented 
elsewhere. 6 In general, it is necessary to take account of the 
various internal multiple reflections of the incident and scat¬ 
tered light at the surfaces and interfaces of the sample, 1,2 but 
we avoid this difficulty by restricting attention to the case 
where the optical penetration depth of the light in the sample 
is smaller than L (e.g., as would be typically in the case of 
Fe/spacer multilayers). 
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Spin wave spectra in semi-infinite magnetic superlattices with nonuniaxial 
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A microscopic theory, based on the Heisenberg model, is employed to investigate the spin wave 
spectra in a semi-infinite superlattice made up of two ferromagnetic materials, where the 
constituents may present both the uniaxial and nonuniaxial components of the single-ion anisotropy. 

Our calculations are carried out for the exchange-dominated regime, and a transfer-matrix approach 
is used to simplify the algebra, which otherwise could be quite heavy. The calculated spectra show 
that, in addition to bulk spin wave modes, there may be surface modes associated with the truncation 
of the superlattice. 


I. INTRODUCTION 

As a result of recent advances in fabrication techniques, 
there has been a continuing interest in investigating the prop¬ 
erties of spin waves that propagate in multilayer magnetic 
microstructures. Many of these works have been concerned 
with these excitations at the low-temperature regime, where 
at least one of the components is a ferromagnetic or an an¬ 
tiferromagnetic material (for a review see Ref. 1). Further, 
depending on the relative importance of the magnetic dipole- 
dipole and exchange interactions, different models for the 
magnetic behavior can be employed. For instance, for suffi¬ 
ciently small values of the excitation wave vector, dipolar 
effects are dominant and magnetostatic modes should propa¬ 
gate in such superlattices. 2 ' 4 On the other hand, at large ex¬ 
citation wave vectors typically greater than 10 8 m' 1 in a 
ferromagnet, exchange interaction, which is the restoring 
force for spin waves, will be dominant. 5 ' 10 

In this article we are concerned with the spin wave spec¬ 
tra in exchange-dominated magnetic superlattices. We intend 
to extend previous work 7,11,12 by considering surface effects 
in a semi-infinite magnetic superlattice, whose constituents 
have nonuniaxial (“easy-plane”) single-ion anisotropy, be¬ 
sides the uniaxial (“easy-axis”) single-ion anisotropy. Nonu¬ 
niaxial anisotropy exists in many magnetic materials, like the 
ferromagnet CrBr 3 and the antiferromagnet NiO, and it can 
be different at a surface or interface because the crystalline 
electric fields are different there. We employ a microscopic 
theory to investigate the spin wave spectra based on the 
Heisenberg model, together with a transfer-matrix approach. 
This method was used with success in dealing with the 
theory of superlattice plasmon-polaritons (for a review see 
Ref. 13), and it leads to a compact expression for the spin 
wave dispersion relation of the magnetic superlattice. Ex¬ 
perimental systems are likely to be more complicated than 
the model described here, with less simple crystal structures 
and possible different ordering at interface layers. 14 How¬ 
ever, these details would influence only the detailed form of 
the transfer matrix, and neither the general method nor the 
qualitative form of the dispersion relations should be af¬ 
fected. 

II. THEORY 

As indicated in Fig. 1, we consider a superlattice in 
which n a layers of material A alternate with n b layers of 


material B. Both materials are taken to be simple cubic nonu¬ 
niaxial Heisenberg ferromagnets, having bulk exchange con¬ 
stants J A and J B with nearest-neighbor exchange interaction. 
The size of the superlattice unit cell is L = (n a +n b )a, where 
a is the lattice constant of both materials. A static applied 
magnetic field H 0 is assumed to be in the z direction. The 
superlattice is truncated at z = 0, with vacuum occupying the 
region z<0. 

The two materials are characterized by single-ion 
uniaxial anisotropy parameters D A and D lt , as well as single¬ 
ion nonuniaxial anisotropy parameters F A and F B . At the 
interfaces, between constituents, these values are D SJ and 
Fsj (, J=A or B), while at the free surface (material A), de¬ 
fined by z- 0, we have D 0 and F 0 , respectively. The ex¬ 
change constant across each interface A-B is equal to /. 

The Heisenberg Hamiltonian for a bulk specimen of 
component J=A or B is 

H=-( 1 / 2)2 JA S-gBuHol S z t +H mis ( 1 ) 

i.i i 

with 

tfanis= ~ 2 W?) 2 - 2 /\,[(S?) 2 - (S?) 2 ]. (2) 

i i 
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FIG. 1 The semi-infinite nonuniaxial ferromagnetic superlattice discussed 
in this article. 
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Here, S ( - denotes the spin operator at magnetic site i, g is the 
usual Lande factor, and fi B is the Bohr magnetron. 

The dispersion equation for a bulk spin wave in medium 
J is found within the random-phase-approximation (RPA) 
from the equation of motion for the operator Sf=S x i ±iS y ,. 
This equation is 

(±ft«-Aj)5f=s2 Jj(Sf-Sf)+2FjS V m S;, (3) 

i 

where we have made a Fourier transform to frequency w. 
Also, J 7 =[ 1 -( 2 S) -1 ], and S is the RPA approximation for 
S], The value of Ay is 

A j = g/z B H o+2 DjS rj. (4) 

Considering plane-wave solution for the operators Sf, 
and either by diagonalizing the Hamiltonian (1) or by solving 
Eq. (3) directly, we can find that the spin-wave dispersion 
relation in a nonuniaxial ferromagnet J is 15 

cos( k z a ) = (Aj/2JjS) + [3 - y(k p )] 

±[((lj/2) 2 +Fj V /jj] m . (5) 

Here, Q,j=h(o/JjS and •y(k p )=cos(A: A .u)+cos(/: y a), with 

lip—(k x ,ky). 

We now turn to the semi-infinite magnetic superlattice 
depicted in Fig. 1. At nonzero temperature the equilibrium 
configuration must exhibit the analog of surface reconstruc¬ 
tion. This implies that the mean spin 5 in both materials is a 
function of its distance from the nearest A-B interface. How¬ 
ever, although this effect is important, we can overcome it by 
restricting our attention to the low temperature regime, that 
is T<T C , at which the spins are fully ordered. The spin wave 
dispersion equation can then be found by solving the RPA 
equations of motion for the spin operators Sj. A spin that is 
not in an interface layer, labeled a, /3, y, S and £ in Fig. 1, 
has the same nearest-neighbor environment and therefore the 
same equation of motion as a spin in the corresponding bulk 
medium. Thus, the spin wave amplitudes should be given, 
within each bulk material, by a linear combination of the 


positive- and negative-going solutions, i.e., 

Sj = Zij+FjjIu > ( 6 ) 

Sj -QxjFjjtu+Qutu, ( 2 ) 

where 

exp(ikijz)+A n 2 exp( —i k u z) ( 8 ) 

and is equal to t XJ provided we replace A”, A\, and k u 
by A 3 , A 4 , and k v . Also, (7=A or B ): 

Fjj=Fjv'j' 2 /Jj, (9) 

Qu=-2[n J + (nj+4Fj J ) ll2 r i = -(Q 2J )- i . (10) 


The wave vectors k u and ky are related to fly by Eq. (5). 

The equations of motion for layers a and /? relate the 
amplitudes A", (j- 1-4) of medium A with the correspond¬ 
ing amplitudes B" (j = 1-4) of medium B. Similarly, the 
equations of motion for layers y and S relate the amplitudes 
A” T 1 O'= 1 -4) of medium A with the corresponding ampli¬ 
tudes B" 0 = 1-4) of medium B. If one defines the column 


vectors |A"), | B n ) and |A" +1 ) formed by the corresponding 
undetermined amplitudes A", B" andA " +1 0=1-4), these 
equations can be cast in matrix forms as 

M A |A n >=N B |B"> 

and ( 11 ) 

N A |A" +1 ) = M B |B n >, 

where the 4X4 matrices M and N can be found elsewhere . 16 

Now, making use of the transfer-matrix treatment and 
Bloch’s theorem, as in previous works , 7 ' 12 we find that 

T|A"> = expOeL)|A n >, (12) 

where Q is the Bloch wave vector, and the 4X4 transfer 
matrix T is defined by 

T=N A *M B N B ! M A . (13) 

Also, as T is a unimodular matrix, the eigenvalues of Eq. 
( 12 ) occur in pairs (r,-,r, _1 ), « = 1 , 2 , and they are related to 
the two Bloch waves vectors Q, by r,=exp {iQ t L). Thus, 
once T is evaluated, the required eigenvalues can be deter¬ 
mined in a standard way. This calculation generalizes those 
presented in a previous paper , 12 where we discussed two lim¬ 
iting cases, namely first the nonuniaxial parameter F in each 
medium has the same value at the interface as in the bulk, 
and second the nonuniaxial anisotropy is considered only at 
the interfaces. 

Now we consider the truncation of the superlattice at the 
plane z= 0 , with vacuum occupying the half space z< 0 . 
This allows us to investigate the occurrence of surface spin 
waves for this superlattice structure. For these modes Eq. 
(12) still holds, provided we replace the Bloch wave vector 
Q by i/3, with Re(/3)>0 to guarantee a localized mode. Fur¬ 
ther we should take into account the equations of motion (3) 
for layer £ at z= 0 , considering the single-ion anisotropy 
parameters D 0 and F 0 . This provides an implicit dispersion 
relation for the surface spin waves and in fact, once the equa¬ 
tions are solved, we can obtain a value of /? which satisfies 
Eq. (12), with Re (J3)>0. The details of this calculation can 
be found elsewhere . 16 

III. NUMERICAL RESULTS AND DISCUSSIONS 

In Fig. 2 we show the spin wave spectra for the surface 
and bulk modes which can propagate in a semi-infinite nonu¬ 
niaxial ferromagnetic superlattice. We have plotted a reduced 
frequency Cl A = ho)/J A S A against a reduced wave number 
k x a across the whole Brillouin zone. The wave vector 
k v =(k x ,k y ) is taken in the [ 10 ] direction. 

The bulk superlattice bands of spin waves are shaded 
and they are bounded by the curves QL = 0 and it. There are 
frequency gaps where no bulk superlattice modes exist, and 
the locations and widths of these gaps are influenced by the 
nonuniaxial anisotropy, being more pronounced for small 
values of k x a where exchange effects are small. As a conse¬ 
quence, surface modes may propagate in these forbidden re¬ 
gion, and indeed, as shown dashed in Fig. 2, there are surface 
spin waves occurring as discrete branches to the spectrum, in 
the gap regions between the continuum bulk mode bands. It 
is important to notice that some of the surface modes emerge 
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FIG. 2. Surface (dasw.u lines) and bulk (shaded bands) spin wave superlat¬ 
tice modes. The physical parameters used here are J A =2J B =0.8I , with 
g/j. g H 0 =J A , and the spin average S A =S B = 1. The anisotropy parameters 
were taken to correspond to Dj/Jj= 0.9, Fj/Jj= 0.6, while D SJ II =0.9, 
F w //=0.6, for 7= A or B. At the outermost interface we took D 0 /F 0 - 1.2. 

from the bulk continuum at a nonzero wave vector. For in¬ 
stance, the second and third surface spin-wave branch 
emerge from the bulk bands at the values of k x a equal to 
0.12 and 1.2, respectively. For large values of k x a, all surface 
modes tend to merge with the bulk bands. 

Appropriate experimental technique for studying the su¬ 
perlattice spin waves would include light scattering spectros¬ 
copy of Raman and Brillouin type, and magnetic resonance. 
They have previously been successfully applied to surface 
and bulk spin waves in various magnetic microstructures. 1 


We also have extended the present ferromagnetic theory to 
take into account systems in which there is an antiparallel 
magnetization between the ferromagnetic materials. 16 High 
quality antiferromagnetic superlattices have recently been 
fabricated, 17 and we have also interest to extent the present 
theory to Heisenberg antiferromagnets. 
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Ground state of antiferromagnetic systems in a magnetic field 
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We determine the ground state of semi-infinite uniaxial antiferromagnets and films, in terms of a 
two-dimensional area-preserving map, where the surfaces are introduced as appropriate boundary 
conditions. For the film, the ground state is calculated in a very rapid and accurate way for any value 
of N, the number of planes. For the semi-infinite system, we show that the so-called surface 
spin-flop state does not exist, while a non-homogeneous ground state is found in the bulk spin-flop 
phase. 


Recently, new materials made of ferromagnetic films an- 
tiferromagnetically coupled, were synthetized. Using Kerr 
and SQUID magnetometry, sharp cusps in dM/dH were de¬ 
tected for such an N= 22 multilayer of Fe/Cr(211) with a 
magnetic field applied parallel to the easy axis. 1 The peak at 
the higher field H B was attributed to the bulk spin-flop (BSF) 
transition, and the peak at the lower field H s to the surface 
spin-flop (SSF) transition. 1 

For a semi-infinite antiferromagnet with the surface 
spins antiparallel to the magnetic field (AF U ), the presence 
of the SSF instability was inferred some years ago, 2 ’ 3 by 
noting that the k=0 surface mode softens for 
H=H s —H b /i2. In the SSF state, the spins were predicted 2 
to turn by nearly 7r/2 near the surface and asymptotically 
reach the AF fl configuration in the bulk. It was also 
suggested 4 that the extension of the region of turned spins 
should increase with increasing H, until the onset, for 
H=H b , of a uniform bulk spin-flop state, with all the spins 
rotated by nearly tt/2 . In contrast, for a semi-infinite system 
with the surface spins parallel to the field (AF f j), 3 the only 
instability was found at H=H B , as in the infinite system, in 
correspondence to the softening of a bulk mode. 

A doubtful point of this description is that, in the semi¬ 
infinite system, the same uniform BSF phase would be 
achieved in different ways, depending on the parallel or an¬ 
tiparallel orientation of the surface spins with respect to H. 

For a film with a finite number of planes, N, one finds an 
analogous behavior of the excitations. For N even, there are 
two surface modes, and for H=H S only the one localized at 
the surface with the spins antiparallel to H shows a complete 
softening. 5 For N odd, if the excitations are calculated with 
respect to the AF ground state with the spins on both the two 
surfaces parallel to the field, the only instability is found at 
H=H b s 

In this article, the determination of the ground state of 
both the semi-infinite system and the film is formulated as a 
two-dimensional area-preserving map 6 ' 8 where the surfaces 
are introduced with appropriate boundary conditions. 9 The 


mapping is characterized by the fixed points and the orbits of 
the infinite sistem, but the spin structures relevant for our 
problem are only those which satisfy the previous conditions, 
a very selective constraint. In this way we are able to calcu¬ 
late the inhomogeneous ground state very rapidly and with a 
high accuracy (within machine double precision). For films 
with zero anisotropy, so that H B =0 + , we recover the results 
obtained by numerical self-consistent methods. 10 

For the semi-infinite system, we show that the SSF state 
does not exist; for H<H B , the stable ground state is always 
the AF tt one. We show that the AF tJ state is metastable for 
H<H S , while for H S <H^H B it is unstable with respect to 
the formation of a Bloch wall which makes the surface spins 
turn from antiparallel to parallel to the field. For H>H B , a 
nonuniform bulk spin-flop ground state is found. 

For a film with even N, if H<H S , the ground state is the 
AF one, with zero magnetization. For H S <H<H B , the low¬ 
est free energy is accomplished by an inhomogeneous con¬ 
figuration carrying a finite magnetization. In fact, it consists 
of a domain wall separating two nearly antiferromagnetic 
regions, with the spins on the two surfaces almost parallel to 
the applied field. In contrast, for a film with odd N, the 
ground state is the AF one with the spins on both the two 
surfaces parallel to H for any H<H B . This explains why a 
peak in dM/dH was observed 1 at H-H s only for films with 
an even number of planes. For H >H B , in both cases one has 
a nonuniform BSF configuration, owing to the surfaces ef¬ 
fect. 

The energy of the system is given by 



[H e cos( (f> n ~ d> n - 1 ) — H a cos 2 </>„ 


-2H cos il) 

where H E and H A are the exchange and anisotropy fields, 
respectively; n is the plane index, with n eZ for the infinite 
system, ns N for the semi-infinite one, and n = l,2,...,N for 
a film. By derivation we obtain 
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FIG. 1. Phase portraits obtained from mapping (3) for H A = 0.9 kG, 
H f = 100 kG (f=0.009). (a) H= 10 kG, (b) H= 15 kG; full circles denote 
two nonhoniotopic to zero trajectories pertinent to films with N =20 and 
1V=50, respectively, (c) H =50 kG. 



•(rtd.) 




sin( <£„+, - <f>„) + sin( </>„_1 - <f>„) + 2£ sin <f>„ 

+ £ sin 2 (f>„ =0 (infinite), 

sin (</>„ +l -<)>„) + ( 1 - <*i >n )sin(<£„_ i - <}>„) 

+ 2£ sin <£„+£ sin 2<£„=0 (semi-infinite), 

(1 ~ <5 w ,„)sin (4> n +i~ <f> n ) + (1 “ 5,. n )sin(^„_,- <£„) 
+ 2£ sin <£„ + £ sin 2<f> n =0 (film), 


(2a) 

(2b) 

(2c) 


where £=H/H E and l=H A IH E . We first consider Eq. 
(2a), valid for the infinite system. Introducing 8 ?„ 
=sin(0„-0„_ 1 ), it can be written as a two-dimensional 
mapping 

<f>n+i = <f>n+sin~ l (Sn+i), (3a) 


s n+i =s n~2€ sin <(>„-£ sin 2<f>„. (3b) 


The mapping is area preserving (because the Jacobian is 
7=1), and invariant with respect to the transformation 
<f>,-s). Trajectories in (<f>,s) space are associ¬ 
ated with equilibrium configurations. In general, from the 
mapping (3) we obtain phase portraits [see Figs. 1(a)—1(c)] 
characterized by inflowing and outflowing orbits connecting 
the hyperbolic fixed points, elliptic orbits which encircle the 
homonymous fixed points and, finally, nonhomotopic to zero 
curves (i.e., curves which cannot be reduced to a point by a 
continuous deformation). The fixed points correspond to uni¬ 


form ground states of the infinite system, and are second- 
order ones owing to its antiferromagnetic nature. Carrying 
out a stability analysis, it results that the AF fixed points 
P^ F =(0,0), P^=(tt,0) are hyperbolic for H 

=£ \]2H E H A +H A = Hg [see Fig. 1(a)] and elliptic for higher 
fields [see Figs. 1(b) and 1(c)]. On the contrary, the BSF 
fixed points P? SF =(-^,-sin <f>), P+ SF =(0,sin <}>), where 
cos <j>=HI(2H E -H A ), are hyperbolic for H 

2 s yj2H E H A -3H A = H' b [see Figs. 1(b) and 1(c)] and elliptic 
for lower fields 11 [see Fig. 1(a)]. 

In order to take care of the presence of surfaces in the 
film [see Eq. (2c)], we introduce two fictitious planes for 
n = 0 and n=N+ 1, so that the boundary conditions are 
given by 

Si = sin(</> 1 -(^ 0 ) = 0, (4a) 

s N+i =s i R (<pN+i~ <Pn) = Q- (4b) 

For the semi-infinite system, only one fictitious plane 
must be introduced for n = 0 [see Eq. 2(b)], and the boundary 
condition is given by Eq. 4(a). Among all trajectories ob¬ 
tained from the mapping (3), only those satisfying Eqs. (4) 
represent equilibrium configurations for the system in pres¬ 
ence of surfaces. This is a very selective constraint; e.g., for 
a film, the physical trajectories must have two intersections 
with the s = 0 line, separated by exactly N steps of the recur¬ 
sive mapping. 

From the analysis of the phase portrait at different values 
of the field, we have found the ground state configurations 
for the semi-infinite system and for a film with even N. 

(1) For H < \Jh e H a +H a as H s , the phase portrait 
does not show peculiar features: the ground state is the AF n 
one for the semi-infinite system, and the AF one for the film. 

(2) For H s < H < H' b [see Fig. 1(a)], the surface spin- 
flop state is not an equilibrium one for the semi-infinite sys¬ 
tem. This happens because none of the inflowing orbits, con¬ 
verging to one of the hyperbolic fixed points, P* F and P+ F , 
is found to cross the lin«. 5=0 at </>#0,7r. s It will be shown 
later, by energetic arguments, that the configuration assumed 
by the semi-infinite system in this field regime is the AF tt 
one. For the film, the ground state configuration is provided 
by one of the non homotopic to zero curves, since they are 
the only ones crossing the 5=0 line in two different points 
which are not fixed points. In Fig. 2 we show the ground 
state configuradon of an N =50 film for different values of 
H. It results that there is only one trajectory which is able to 
satisfy the boundary conditions (4), and the corresponding 
energy turns out to be smaller than that of the AF one. For 
H s < H < H' b , we find an inhomogeneous configuration 
consisting of a domain wall separating two nearly antiferro¬ 
magnetic regions, with the spins on the two surfaces almost 
parallel to the applied field. Thus for H=H S , the magneti¬ 
zation of a film with an even number of planes presents a 
jump from zero to a finite value. Such a field-induced phase 
transition was experimentally revealed as a peak in dMIdH 
in Fe/Cr multilayers. 1 

(3) For H>H b [see Fig. 1(b)], the uniform bulk spin- 
flop state is never an equilibrium one since the hyperbolic 
fixed points, P? SF and P+ SF , do not lie on the line 5 = 0, as 
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FIG. 2. Ground state configuration for an N=S0 film with H A = 0.9 kG, 
H e = 100 kG. Open circles: H= 10 kG. Full circles: H= 15 kG. The solid 
horizontal lines show the canting angles for an infinite system in the bulk 
spin-flop phase fo H= 15 kG. 


required by the boundary conditions. For the semi-infinite 
system, an inhomogeneous ground state is found since all the 
inflowing orbits, converging to one of the hyperbolic BSF 
fixed points, intersect the s = 0 line. For the film, the nonho¬ 
motopic to zero trajectories giving the ground state configu¬ 
ration, are closer and closer to P® SF as N increases: then, for 
H>H b and moderate fields, only the middle planes present a 
configuration similar to the BSF one, while the spins in the 
planes near the surfaces are rotated by angles significantly 
different from ir/2 (see Fig. 2). For H>H B and high fields 
(H*zH e I 2), the phase portrait becomes chaotic [see Fig. 
1(c)]. It is important to note that evidence for chaotic behav¬ 
ior is also found 5 for those high values of the H A /H E ratio 
(£=0.25) pertinent to Fe/Cr multilayers. 1 

At this point we put forward an energetic, thougn , 'p- 
proxiinate, argument to confirm that for the semi-infinite sys¬ 
tem in the field range H S <H<H B , the SSF state (or any 
other nonuniform configuration) cannot exist. We rewrite Eq. 
(1) as 


E 


CO 

= 2 We cos {(f> n -4> n . x )-H A cos 2 4> n ] 

n= 1 


the system in its AF Tt state. Performing in Eq. (5) a T=0 
decimation procedure in order to eliminate the even spins, 12 
we obtain, for small H A and H 




-< ^2« + l) 2 



COS 2 <f>2n-\ 


~H COS (j) j, 


( 6 ) 


where the last term is due to the existence of a free surface at 
n = 1. Equation (6) has the well-known sine-Gordon form. In 
order to investigate the transformation of the AF Ti state into 
the AF t | state, and also the stability of the SSF state, it is of 
interest to minimize this energy for a given value of <t> x and 
for fixed cos <t > 2n +1 = -1 at n = <». The solution of this prob¬ 
lem is given by the Euler-Lagrange equation of a domain 
wall 



n + 1 


-< £2« + 3 - 02n-l) 


+ |2H /1 -^)sin2^ 2n+1 = 0. (7) 

Inserting its solution into Eq. (6), we have 

^=J(2H a H e -H 2 )(cos tf., + 1 )~H cos </>,• (8) 

N l S 

For weak fields, the coefficient of cos 0, is positive, so that 
the energy presents a minimum for cos 0, = -1 or r/>, = it. 
Thus, the AF U state is a metastable one, in agreement with 
the spin wave argument. In other words, if a Bloch wall is 
introduced into the AF tl state from the surface, the system 
expels it through the surface. This occurs if H 2 <H A H E , i.e., 
if HsH s . On the other hand, if H S £H<H B , the energy (8) 
is minimum for <f>\=0. In this case, if a Bloch wall is intro¬ 
duced into the AF n state from the surface, the system swal¬ 
lows it and transforms progressively into the AF T | state. In 
particular, the SSF state corresponds to cos and it is 
unstable, in agreement with the mapping argument. 


-fiZj [cos d>« + cos 4> n h]-// cos <£i . (5) 

71 - 1 

Only systems in which (cos <p n +cos goes to 0 when n 
goes to <» will be considered. It is so both in the AFjj state 
and in the AF., state, since (cos 4> n + jos $„ + ,) is identically 
zero for any n in both cases. Therefore, in both states, the 
Zeeman energy reduces to - H cos 4>\ which is minimum in 
th- APjf state, but maximum in the AF rl state! Since the 
. tF :i state is not the ground state, but it is stable with respect 
to spin waves for H<H S , we conclude that it is metastable 
for H<H S . However, for H S <H <// BSF the situation is dif¬ 
ferent. We are going to arguv that the AFt, state is unstable 
w»ih respect to the formation of a Bloch wall which will 
form at the surface and sin 1 j into the bulk, thus transforming 
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Magnetoresistance of uitrathin Co films grown in UHV on Au(111): 
Crossover from granular to continuous film behavior versus Co thickness 
(abstract) 
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M. Gaitier, M. Mulloy, and D. Renard 

Institut d’Optique Theorique et Appliquee, Universite Paris-Sud, 91405 Orsay, France 

Co/Au(lll) is a model system for magnetoresistance (MR) studies due to abrupt interfaces without 
intermixing between Co and Au and perpendicular magnetization of Co films for Co thickness 
below nine atomic monolayers (AL). The high quality of Co/Au(lll) multilayers is revealed by 
highly contrasted MR oscillations versus Au spacer thickness, 1 We report here a detailed study of the 
effect of cobalt thickness done to 0.2 AL on the MR of various Au/Co structures. Experiments were 
performed on single Co layer sandwiched between two Au(lll) films, Au/Co/Au, and on double Co 
films, Au/Co/Au/Co/Au, in the T range 1.5-300 K and in magnetic fields up to 10 T. For the 
sandwiches, two series were studied, each including eight samples grown in UHV in a single run, 
with Co thicknesses t Co from 0.2 to 1.6 and from 1.4 to 4 AL. The MR in the perpendicular and 
transverse configurations show that the easy magnetization axis is perpendicular to the films, even 
for low t^. The MR value increases with /q, to the high value of 5% at low temperatures for a 
noncontinuous Co film and decreases afterwards, clearly evidencing the transition from islandlike to 
continuous-like character of the Co film. In the islandlike regime, the magnetic domain size is 
limited by the island size and is thus smaller than in the continuous Co films, leading to higher MR 
values. In the double Au/Co/Au/Co/Au samples, different Au spacer thicknesses were chosen in 
order to ensure either FM or AFM coupling between the magnetic layers, and tco was varied up to 
10 AL. We did not observe coupling oscillations versus t Co . Moreover, the lack of any significant 
variations of the MR value shows that the electronic mean free path in Co is larger than 10 AL at 
any T. 


1 V. Grolier et al„ Phys. Rev. Lett. 71, 3023 (1993). 
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The micromagnetics of periodic arrays of defects in trilayers with interlayer 
exchange coupling (abstract) 

H. A. M. van den Berg 

Siemens A G, Erlangen, P.O. Box 3220, Germany 

A significant loss in the giant magnetoresistive signal of magnetic stacks with antiferromagnetic 
coupling across nonmagnetic intermediate layers is caused by regions with a ferro- rather than an 
antiferromagnetic coupling. The impact of these ferromagnetic coupling regions extends itself into 
the lateral direction due to the bulk exchange coupling. The present micromagnetic model provides 
a tool by which a detailed quantitative evaluation of the impact of periodic arrays of parallel line 
defects is possible. These defects have deviating exchange-coupling constants, and/or anisotropy 
constants or directions, bulk exchange constants, saturation magnetization, etc., in specific regions. 

Previously, we developed a phenomenological model of trilayers with two magnetic films separated 
by a nonmagnetic interlayer 1 that contains one such defect. This model, with a relatively small 
number of free parameters, allows one to trace complete hysteresis curves. A large number of mode 
branches reveal themselves and jumpwise transitions between these modes frequently occur along 
the hysteresis loops. The present micromagnetic model requires a sufficiently accurate assessment 
of the starting magnetization configuration in order to get a convergence of the code. In general, the 
micromagnetic code is not capable of overcoming the above irreversible mode conversions. The 
mode branches evaluated by the phenomenological model are applied to provide the micromagnetic 
model with appropriate starting configurations after meeting a situation of nonstability. The 
micromagnetic theory of Brown 2 constitutes the basis of the present approach. The micromagnetic 
effective field is calculated at grid points and the torque exerted by it on the magnetic dipole is made 
zero at each grid side by an iteration scheme. The long ranging magnetostatic fields are given by 
convolution integrals and are evaluated in the Fourier space by using two-dimensional fast Fourier 
transforms. The single defect is micromagnetically studied by zero padding techniques. Depending 
on the course of the external field, two different wall regions reveal themselves, to wit, the wall core 
and the so-called Neel tails. These tails were not incorporated into the phenomenological model. 

Provided that the defects are sufficiently wide spaced, the agreement between both models is rather 
good in the core regions. The impact on the GMR signal, in particular of the Neel tails, will be 
discussed with emphasis on systems with weak interlayer coupling, e.g., the decoupled systems. 


1 H. A. M van den Berg et al„ IEEE Trans. Magn. L9, 3099 (1993). 

2 W. F. Brown, Micromagnetics (Kriegcr, New York, 1978). 
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FMR doublet in two-layer iron garnet films (ahs' act) 

A. M. Grishin, V. S, Dellalov, E. I. Nikolayev, V. F. Shkar, and S. V. Yampolskii 

Donetsk Phystech, Donetsk 340114, Ukraine 

Multilayer epitaxial iron garnet films have been investigated very intensively in the recent past. The 
dipole and exchange couplings of spins lying in different layers results in the existence of new types 
of oscillations in these structures and give rise to the characteristic resonance properties of them. 1,2 
Resonance microwave absorption in two-layer iron garnet films, of which one layer is in a saturated 
state and the other is in a demagnetized state, is investigated. The films were prepared by the 
epitaxial method on a gallium-gadolinium substrate with (111) orientation. The first layer on the 
substrate was the doped iron yttrium garnet with the easy plane magnetization. The second easy axis 
layer was the bubble domain layer. The resonant field of the first layer FMR line versus the external 
in-plane magnetic field was investigated. It was determined that the FMR line is doubled when the 
external field is applied along the [I12]-type axes. The lines of the FMR doublet merge into a single 
line and the resonance intensity is doubled if the magnetic field is oriented in the [110] directions. 
It was established that the FMR line splitting is conditioned by the layer exchange interaction, the 
cubic anisotropy, and the domain dissipative field. The magnetic and anisotropy of the resonance 
fields agrees with the model of an isolated layer magnetized by the domains of the neighboring 
layer. 


‘A. M. Grishin et al, Phys. Lett. A 140, 133 (1989). 

2 V. F. Shkar, I. M. Makmak, and V. V. Petrenko, JETP Lett. 55, 330 (1992). 


Influence of the dipole interaction on the direction of the magnetization 
in thin ferromagnetic films (abstract) 

A. Moschel and K. D. Usadel 

Theoretische Tieftemperaturphysik, Universitat Duisburg, Lotharstrasse 1, 47048 Duisburg, Germany 

The magnetization of thin films depends in a very sensitive way on surface anisotropy fields which 
often favor a perpendicular orientation and on the dipole interaction which favors an in-plane 
magnetization. A temperature driven transition from one to the other orientation has been observed 
experimentally. 1 In order to understand this behavior theoretically we performed detailed 
calculations of the magnetization of very thin films (thickness of up to 5 layers) within a quantum 
mechanical mean field approach. A surface anisotropy that favors a perpendicular orientation and a 
long range dipole interaction were taken into account. It is shown that these competing interactions 
for certain values of the parameters may result in a temperature driven switching transition from an 
out-of plane to an in-plane ordered state. Varying the strength of the dipole interaction we found that 
the switching temperature is a very sensitive function of the ratio of these two competing 
interactions. A perpendicular ground state magnetization of the film is only found for values of the 
surface anisotropy which are larger than a critical surface anisotropy value. The reorientation of the 
magnetization vector has its physical origin in an entropy increase of the system when going from 
a perpendicular to an in-plane ordered state. 


This work was supported by the Deutsche Forschungsgemeinschaft through 
Sonderforschungsbereich 166. 

'D. P. Pappas, K-P. Kamper, and H. Kopster, Phys. Rev. Lett. 64, 3179 
(1990). 
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Coercivity and switching field of single domain ^Fe 2 0 3 particles 
under consideration of the demagnetizing field 

Paul L. Fulmek and Hans Hauser 

institut fur Werkstoffe der Elektrotechnik, Technische Universitdt Wien Gusshausstrasse 27-29, 

A-1040 Vienna, Austria 

The coherent rotation of the spontaneous polarization in ellipsoidal ferromagnetic single domain 
particles is calculated under consideration of the magnetocrystalline anisotropy and the true, inner 
field. Magnetization curves and switching fields are computed for uniaxial and cubic 
magnetocrystalline and shape anisotropy. Considering only the magnetic energy inside the particle, 
the resulting switching fields are lower than those predicted by the Stoner-Wohlfarth theory, and 
they are qualitatively and quantitatively comparable to the results of other models. The comparison 
to measurements on isolated ■y-Fe 2 0 3 particles shows excellent agreement. 


I. INTRODUCTION 

The idealized particles discussed are small, perfect 
single crystals of exactly ellipsoidal shape. They consist of 
one single domain only . 1 The magnetization process happens 
by coherent rotation of the spontaneous polarization. This 
rotation need not happen continuously, switching occurs for 
critical field strengths . 2 

It is further assumed that all processes happen at tem¬ 
peratures far below the Curie temperature, where the spon¬ 
taneous polarization of the material is constant. The analysis 
assumes static and isothermal ferromagnetism. Effects asso¬ 
ciated with the time rate of change of magnetization are not 
considered. 

The coherent rotation of the spontaneous polarization is 
determined by the behavior of the minima of the total energy 
density. Therefore, only anisotropic contributions have an in¬ 
fluence. The energies taken into account are the magneto¬ 
crystalline energy E c and the energy of the fields in connec¬ 
tion with the applied field H 0 and the demagnetizing field 
Hj. All other energies are neglected. As single domain par¬ 
ticles are always in the state of saturation, the demagnetizing 
field has a strong influence on the true field and on the en¬ 
ergy due to the field. Stoner-Wohlfarth (SW) calculations 
demand that the particle does not interact with surrounding 
magnetic material. Completely neglecting the field outside 
the particle, however, yields results that agree perfectly with 
measurements on single y-Fe 2 0 3 particles. 

Magnetization curves are calculated by tracing the 
minima of the energy areas (the three-dimensional space 
variation of the total energy) as the applied field is changed 
continuously . 2 ' 6 

II. ANISOTROPIC ENERGIES 

To calculate magnetization curves we have to find the 
minimum energy configuration for a given applied field. 
Only the direction of I 5 can vary. Under this assumption the 
energy is a function of only two variables, of the direction of 
Ij. For searching the minima we have to take into account 
only anisotropic energies. 


In crystalline ferromagnetic materials I 5 prefers certain 
directions of the crystal lattice to minimize the magnetocrys¬ 
talline energy E c . For cubic crystal structures (bcc, fee) we 
use a series expansion of the directional dependence (direc¬ 
tion cosines a,) with respect to the crystal axes 

E c =K q + K x {a\a\+ a\at\+ a\a\) +A' 2 a 2 a 2 a 2 . (1) 

Three coefficients K o x 2 are sufficient to describe this prop¬ 
erty. Uniaxial magnetocrystalline anisotropy is described by 

E u -K u0 +K ui sin 2 tp+K u2 sin 4 <p, (2) 

where tp is the angle between the easy axis and I $ . 

The general expression for the power density of the 
magnetic field in any material, especially in nonlinear and 
anisotropic materials , 8 is 


dE m <?B 


(3) 


The time integral supplies the general formula for the energy 
density of any general magnetic field configuration 9,10 

E m = f HdB. (4) 

The true H acting in the material is the vectorial sum of 
the applied field H„ and the demagnetizing field H rf . In the 
special case of a specimen surface of second order (e.g., a 
general ellipsoid) all fields in the volume of the specimen are 
homogeneous, and therefore, the demagnetizing field can be 
determined by a demagnetizing matrix N 

i <5 ' 

H=H fl + Hj=H a - — Nl s . 

A 0 

Demagnetizing factors are determined in the directions of the 
axes of the ellipsoid . 11 This diagonal matrix has to be trans¬ 
formed for general ellipsoids in arbitrary orientations. 
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The induction B in the specimen results from the 
vacuum induction of the magnetic field H and the polariza¬ 
tion of the material: 

B=/i 0 H+1 5 =/i 0 H a +(1—JV)Ij. (6) 

As an approximation for the total energy we integrate Eq. (4) 
with Eqs. (5) and (6) over the volume of the specimen only. 
The variation of the energy density is due to the variation of 
the polarization vector l s only. The energy density of the 
material is therefore reduced by 


fid B <?B \ 



= (1^-HA+^(A%)I S ). (7) 

For a given applied field the energy can be expressed as 
a function of two variables, the direction of I s . A minimum 
energy for constant H a yields stable solutions of I s (H a ). Two 
interesting properties of the magnetization curve will be dis¬ 
cussed here. The point of magnetization reversal—the coer¬ 
cive force—and the point(s) of instability—the switching 
field strength. As single domain particles are always in the 
state of saturation, we have to define the magnetization curve 
as projection of I s in the applied field H a versus the value of 
the applied field H a . 


III. UNIAXIAL CALCULATIONS 


For comparison to other models it is convenient to cal¬ 
culate the coercive force and the critical field (switching 
field) in the case of simple uniaxial anisotropies (magneto¬ 
crystalline and shape anisotropy, K u2 =Q) for prolate ellip¬ 
soids. The polar axis of the ellipsoid is identical to the axis of 
uniaxial magnetocrystalline anisotropy. The angles a of the 
applied field and <p of the polarization are denoted with re¬ 
spect to the axis of uniaxial anisotropy. 

As we need the energy expressions Eqs. (2) and (7) to 
find the minimum energy only, we can reduce the total en¬ 
ergy E to E* 


E = E U -E m —>E* = sin" <p-h 


cos a cos (p 


h=H, 


dE/ 


1 /1 +N\ 

+ 2ir^j sinasin * 

i 

a i /[/,(1 - A^)]+/,(1 - 3^V)/(8a* 0 ) * 


sinUtp)-/, 


-cos a sin <p 


1 / l+N\ 


+ T 


2 VI—AT 


| sin a cos <p 


d 2 E* 

~ j~Z ' = 2 cos(2^) + /i 


cos a cos <p 


1 I l+N\ 

+ 2 1 HV sin " sinv 


( 8 ) 

(9) 


( 10 ) 


(It) 



FIG. 1. Switching field of prolate ellipsoids (aspect ratio 4:1:1) with van¬ 
ishing magnetocrystalline anisotropy. The dashed line gives H c according to 
SW theory. All H c values are related to SW-// c0 =138 kA/m. □ Measure¬ 
ments y-Fe 2 0 } particles (Ref. 13); A Micromagnetic calculations (parallel¬ 
epiped) (Ref. 12); 0 calculations for additional cubic anisotropy 
(K, = -4600 kj/m 3 ). 


In the SW model the influence of shape and magneto¬ 
crystalline anisotropy can be included as an anisotropy field 
H A —*h =H a /H A . This reduction is impossible for our calcu¬ 
lations. To find a direction <p for the polarization with mini¬ 
mum energy, we have to find the value for h [Eq. (9)] that 
gives 8E*ldip -0 [Eq. (10)]. With a second derivative Eq. 
(11) greater than zero, h gives a stable minimum, a stable 
point on the magnetization curve. When Eq. (11) is zero, the 
corresponding field is a critical field; the solution is an un¬ 
stable one. This critical, switching field strength is important 
for magnetic storage. 

Figure 1 shows the switching field strength depending on 
the direction of the applied field calculated by the formulas 
from above. In comparison to our results Fig. 1 shows the 
switching field curve according to SW calculations, results 
from a micromagnetic approach by Yan and Della Torre us¬ 
ing a parallelepiped as model geometry (aspect ratio 6:1:1, 
length 300 nm, uniaxial magnetocrystalline anisotropy), 12 
and measurements of the switching field on small isolated 
y-Fe 2 0 3 particles (aspect ratio **4:1:1) by Knowles. 13 



FIG. 2 Coordinate system for magnetocrystalline anisotropy (100), shape 
anisotropy ( a,b,c ), and the direction of the applied field (a,(3) 
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FIG. 3. Magnetization curves for y-FejOj particles (aspect ratio 4:1:1) in 
dependence of the angle a ((3= 0) of the applied field with respect to the 
easy axis of shape and cubic magnetocrystalline anisotropy, a is varied from 
0° to 90° in steps of 15°. 

For uniaxial considerations, we did our calculations for 
y-Fe 2 0 3 particles with 4=0.45 T, K ul =0, and an ellipsoid 
shape with an aspect ratio of 4:1:1. The demagnetizing factor 
in the direction of the longer axis is iV=0.075. 

For an angle of the applied field of 0°, our calculations 
yield exactly half the value for the switching field of SW 
when the uniaxial anisotropy constant K ul is zero. In this 
case are both angles a=<p=0 

£s W =sin 2 <p-/i sw cos(a-tp), 

/« sw =4// fl Mo/[/ J (l-3^)], (12) 

/i//i sw =2- + // c /tf c0 = 0.5. 

IV. CUBIC CALCULATIONS 

For cubic anisotropies the two-dimensional minimum 
search on the surface of the energy areas was realized by a 
numerical algorithm implemented on a computer. 

The calculations have been carried out for elongated el¬ 
lipsoids of -y-Fe 2 C, with an aspect ratio of 4:1:1. We assume 
that the long axis of the ellipsoid lies in the [111] direction of 
the crystal lattice. 4 The material parameters are: 4=0.45 T, 
/4 = -4600 J/m\ K 2 =0 J/m 3 . 14 

As we calculate magnetization curves for cubic anisotro¬ 
pies, we have to consider two angles of the applied field with 
respect to the axes of the ellipsoid. The angles are denoted 
according to the angles in a spherical-coordinate system with 
the long axis of the ellipsoid as polar axis (i.e., the [111] 
direction). The first angle a is always the angle between the 
direction of the applied field and the long axis of the ellip- 


FIG. 4. Magnetization curves for y-FcjOj particles (aspect ratio 4:1:1) in 
dependence of the angle /3 for «=30°. 

soid. The second angle p is the angle between the (110) 
plane and the field vector (see Fig. 2). 

Figure 3 shows the resulting magnetization curves when 
the direction of the applied field is changed in the (110) 
plane by 15° steps (a=0 o ” > 90°, /?=0). The magnetization 
curve for a= 0° calculated by SW theory would have a co- 
ercivity of 138 kA/m. For a<60° the switching field is iden¬ 
tical to the coercivity. 

The influence of the second angle /? is shown in Fig. 4: 
the angle a between the applied field and the easy polar axis 
of the ellipsoid is constant 30°. The coercive force varies by 
15%, as the secondary angle )3 changes from 0° to 90°. 

Values of the coercive force variation due to the cubic 
anisotropy are plotted in Fig. 1 in comparison to pure 
uniaxial shape anisotropy. The values of switching fields for 
or>60° could not be determined precisely, as with increasing 
angle the continuous rotation yields steeper slopes of the 
magnetization curve, numerically indistinguishable from a 
real instability (compare Fig. 3). 
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Structural and magnetic characterization of Co particles coated with Ag 
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Co fine particles coated with Ag have been synthesized through the microemulsion method in an 
inert atmosphere. The size of the particles is controlled by the water droplets of the microemulsions. 

Fine particles prepared by this method, consist of a magnetic core of Co covered by a layer of Ag. 

Samples containing from 3.3 to 40.5 voi % Co have been prepared. The average size of the particles 
obtained is in the nanometer range. The magnetic properties were studied by dc magnetization at 77 
K and room temperature. The data show a strong dependence of the magnetic properties on the 
annealing temperature. 


I. INTRODUCTION 

Single domain magnetic particles show very interesting 
properties, such as high coercivity and remanence, which are 
of special interest to several applications in magnetic record¬ 
ing and permanent magnets. Different methods can be used 
in order to obtain small particles in the submicrometric 
range. Among these, chemical reactions and vacuum deposi¬ 
tion are the most usual ones. Most studies of ultrafine metal¬ 
lic particles have been performed on granular materials in 
nonmetallic matrices. 1 ' 3 Interest in single domain particles 
immersed in a nonmagnetic metallic matrix has increased 
recently. 4,5 The interest in granular materials, such as Fe-Ag, 
Co-Ag, Ni 81 Fe 19 -Ag, etc., is because they present a giant 
magnetoresistance (GMR). 6,7 Although much effort has been 
devoted during the last years studying the origin of their 
properties, a quantitative understanding of the phenomenon 
is still lacking. 8 ' 9 

In this work we describe a new chemical method for the 
preparation of ultrafine Co particles covered by metallic sil¬ 
ver. This method consists in mixing two water-in-oil (W^O) 
microemulsions containing the reactants dissolved in the 
aqueous phase in order to produce the Co core. The reaction 
takes place inside the droplets, which controls the final size 
of the particles. Subsequently, silver ions are adsorbed onto 
these particles and finally are reduced to produce a silver 
metallic shell. 

II. EXPERIMENT 

The microemulsions employed in the production of the 
particles were composed of n-heptane, aqueous solution, and 
aerosol-OT (AOT, sodium dodecylsulfosuccinate). The drop¬ 
let size of these microemulsions was controlled by the ratio 
R =[H 2 0]/[A0T]. This ratio was set to 10. The whole pro¬ 
cess for obtaining the particles, that was carried out in an 
inert glove box, can be divided into two stages. 

(1) Formation of the magnetic cores: To carry out this 
first stage, two different microemulsions were prepared. The 
first one consisted in an aqueous solution of Co(N0 3 ) 2 6H 2 0 
(0.1 M) and the second one contained NaBH 4 (0.2 M). The 


two microemulsions were mixed and the magnetic particles 
were formed inside the microdroplets. The microparticles, 
separated from the microemulsion by ultracentrifugation, 
were washed later with n-heptane and ethanol several times 
and finally dried with acetone. 

(2) Coating with Ag: The magnetic particles were redis¬ 
persed with AOT in an aqueous solution containing AgN0 3 
and EDTA (ethylendiaminetetracetic). Silver ions were then 
absorbed on the particles which acted as nucleation centers. 
This solution was later irradiated with UV light during 30 
min to obtain a metallic cover of silver on the magnetic 
particles. 10 The amount of EDTA and AgN0 3 used depends 
on the Ag/Co ratio to be obtained. The coated microparticles 
were separated again from the solution by ultracentrifuga¬ 
tion, washed several times with n-heptane and ethanol in 
order to remove the AOT surfactant, and finally dried with 
acetone. Then, the microparticles were examined before and 
after annealing in flowing Ar. 

Most of the organic impurities were eliminated after an¬ 
nealing, followed by a process of oxidation and reduction. 
These were observed by differential thermogravimetric 
analysis measurements. 

The samples were characterized analytically by induc¬ 
tive coupled plasma-atomic emission spectroscopy and the 
final composition of Co, Ag, and impurities were determined. 
The structural characterization was carried out by x-ray pow¬ 
der diffraction. These measurements were performed at room 
temperature, and matched with diffraction patterns from the 
total access diffraction database. In order to determine the 
size distribution, measurements of transmission electron mi¬ 
croscopy (TEM) and dynamic light scattering (DLS) were 
carried out. For both TEM and DLS measurements, particles 
were dispersed in water using AOT. The average crystallite 
sizes were calculated from the shape of the x-ray diffraction 
peaks using the Debye-Scherrer formula. The magnetic 
properties of the samples were measured with a vibrating 
sample magnetometer in the temperature range of 80 K<7 
<300 K. The powder was introduced, loosely packed, in a 
cylindrical sample holder. 
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FIG. 1. X-ray diffraction pattern for Co 05 Ago 5 after annealing at different 
temperatures. The arrows show the position of cobalt reflections. 

III. RESULTS AND DISCUSSION 
A. Structural characterization 

X-ray diffraction on as-prepared Co particles (first 
chemical stage) shows a typical amorphous spectrum. Figure 
1 shows the x-ray diffraction pattern for a typical Co/Ag 
sample at five temperatures of annealing ( T A = 100, 300, 500, 
600, and 800 °C). Long measurement times, counting times 
of 20 s per 0.002° step in 26, were needed in order to observe 
cobalt peaks in samples with high concentration of Co and 
high treatments of temperature. Only one Co peak is visible 
(200) because the others overlap with those due to silver. In 
Fig. 1 it can be observed how the width decreases with an¬ 
nealing temperature. Studies of the width of Ag (111) and Ag 
(220) peaks done as a function of annealing temperature 
yields the size of the Co/Ag particles grows from 15 to 
60 nm. 

Figure 2 shows the TEM electron micrograph for the 
sample with a= 0.12 of Co^Agj. ^ treated at 500 °C. To ob¬ 
tain the micrograph, the samples were dispersed in water and 
then deposited onto Cu grid substrates. The average diameter 
was of about 30 nm, similar to the results obtained by DLS. 



FIG. 2 1HM microphotograph of a sample ol Co 0 , 2 Ago M . 



FIG. 3. In plane M-H loops at room temperature of Co 1 Ag l _ x with * K ‘0.]2 
at different annealing temperatures in series A. (a) T A =300 °C, (b) 
T A =500 °C, (c) T A =700 °C, and (d) bulk Co. 

B. Magnetic properties 

The temperature dependence of the magnetization has 
been measured after cooling in zero magnetic field (ZFC) 
and also after cooling in a field (FC). The M-T data show a 
splitting between the FC and ZFC curves. For the as- 
prepared samples, this splitting occurs close to room tem¬ 
perature (RT). For annealed samples, the sizes of cobalt 
cores grow and this splitting point is shifted towards higher 
temperature. 

The magnetic hysteresis loops have been measured in 
three series of Co^Ag, (A, B, and C). Series A and B are 
two separate fabrication runs with the same Co concentration 
(x=0.12 ±0.02) but with different annealing temperatures, 
100 °C<T A T<800 °C. Series C are samples of different 
compositions, from x =0 to x =0.66 annealed at T A -500 °C. 
Figure 3 shows magnetization (Af) as function of magnetic 
field ( H ) at RT for 7^=300^ [Fig. 3(a)], 500 °C [Fig. 
3(b)], and 700 °C [Fig. 3(c)]. Figure 3(d) is the M for cobalt 
powder (d< 250 /mi) and reflects the bulk properties of the 
material. The coercive field ( H c ) as function of T A is plotted 
in Fig. 4(a). The squareness, SQ, defined as M r /M s where 
M r is the remanence magnetization and M s is the magneti¬ 
zation at //= 13.5 kOe, vs T A , is shown in Fig. 4(b). 

According to Fig. 4, for series A and B, it is possible to 
define three regions of annealing temperature. The first for 
low T a , between 100 and 300 °C, shows a reversible M-H 
behavior. The second region, for 300<7^<600 °C shows a 
hysteresis loop [Fig. 3(b)]. The dramatic change of the mag- 
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FIG. 4. (a) H c vs T A and (b) SQ vs T A for two different runs of Co^Agj , x 
(x-0.12). Series A (A) RT, (A) 77 K, scries B (O) RT and (•) 77 K. 

netic properties in this range could be due to an increase of 
the Co nuclei and/or the crystallization of some amorphous 
portions of the Co cores as T A increases. For 7^ =*500 °C, H c 
and SQ have maximum, as seen in Fig. 4. This maximum is 
similar to the one found by other authors in Co 19 Ag gl and 
Co 5 oAg 50 granular magnetic thin films . 11 The third region 
(r A >600 °C) shows that the H c and SQ decrease as T A in¬ 
creases. The reason for it is that the interaction between the 
particles is strong and they are no longer single domains so 
their magnetic behavior approaches the one found for 
bulk Co. 

Finally, in Fig. 5, we show M s and H c as function of 
experimental Co composition. The solid line is the data of 
Ref. 5 about Co^Cu^. For the samples with low Co con¬ 
centration Cc<0.12), the magnetization does not saturate and 
the coercive field has a value close to zero. The long range 
magnetic order appears at high Co concentrations. For 
samples with 0<x<0.12 the magnetization was found to 
saturate more easily and the systems exhibit a monotonic 
increase of H c with increasing Co content. For a:> 0.15, the 
samples present a monotonic decrease of H c with increasing 
x, which is consistent with a coupling effect of the Co par¬ 
ticles. 

IV. CONCLUSIONS 

In summary, we have studied the structural and magnetic 
properties in a Co-Ag granular systems obtained by chemical 
reactions in microemulsions. The reaction takes place inside 
the droplets, which control the final size of the particles. By 
this method, magnetic ultrafine particles, in the nanometer 
range, of Co coated with Ag were obtained. From the x-ray 



FIG. 5. Cq,Agi samples (a) M, vs x (experimental composition) after 
annealing at 500 °C (the solid line comes from Co^Gr, in Ref. 5) and (b) 
H c vsx. The solid lines are guides to the eye. Open and filled symbols show 
measurements at RT and 77 K, respectively. The filled stars are data from 
Ref. 11 of COjAg,.* films. 

analysis we observe that Ag crystallizes in the face centered 
cubic structure. The magnetic behavior of these samples after 
thermal treatments (T A ^500 °C) shows coercive fields as 
high as // c =»600 Oe at room temperature. These values are 
similar to those reported for granular materials which present 
GMK . 6,7 We are now in the process of measuring the MR in 
our samples. 
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Clusters of up to 28 Fe° atoms have been introduced into the “supercages” of NaY zeolite by ion 
exchange of Fe +2 for Na + followed by reduction to Fe° with solvated electrons and Na -1 ions. The 
temperature-dependent ac and dc susceptibilities, which exhibit Curie-Weiss behavior before 
reduction, change to something approximating superparamagnetic behavior afterwards. The 
blocking temperature, T b shows a strong dependence on magnetic field but weak dependence on 
frequency. There is at best a very weak remanence and coercive field while the onset of 
irreversibility occurs at temperatures well above T b . In addition, the real and imaginary parts of the 
ac susceptibility show essentially similar temperature dependence. Some of this anomalous behavior 
can be attributed to a distribution of particle sizes. To the best of our knowledge these preliminary 
data—while poorly understood—represent the first measurements of the temperature, frequency, 
and field dependence of the magnetic properties of such small clusters. 


I. INTRODUCTION 

The study of the magnetic properties of small particles 
or clusters has been divided into two regimes. Small clusters 
consisting of between 10 and 600 atoms are produced in a 
“molecular” beam by laser vaporization. Particle size is se¬ 
lected by mass spectrometry and the magnetic properties are 
determined in a Stern Gerlach experiment. 1 Large clusters — 
nanocrystals—consisting of between 10 3 and 10 7 atoms are 
produced by sputtering, evaporation, or chemical techniques 
and are collected in quantity in an insulating matrix. 2 These 
larger particles can be characterized and their magnetic prop¬ 
erties measured by using all of the standard techniques—x 
rays, extended x-ray-absorption fine structure, magnetic sus¬ 
ceptibility, Mossbauer spectroscopy, NMR, electron spin 
resonance, etc. 

By using conventional ion exchange methods, we have 
introduced up to 28 Fe +2 ions into NaY zeolite and reduced 
them to metallic Fe° particles that are presumably trapped in 
the supercages. According to the stoichiometry of this zeo¬ 
lite, an average of not more than 28 Fe° atoms can be present 
per supercage. We are thus able to measure for the first time 
the temperature, field and time dependence of the magnetic 
properties of such small clusters. Although these are prelimi¬ 
nary measurements and the samples have not been com¬ 
pletely characterized, our experimental results agree qualita¬ 
tively with previous results on smai! clusters obtained at a 
single temperature and field. The overall magnetic behavior 
is quite complex and requires further experimental and theo¬ 
retical study. 

II. SAMPLE PREPARATION 

Zeolites are alumino-silicates which are characterized by 
an open structure (about 50% of the volume is voids) in 
which charge unbalance in the structure is compensated for 
by the appropriate number of charged ions in the open holes 
or cages. NaY zeolite, with the chemical formula 
Na 56 Al 56 Si !34 034 8 ■ 240H 2 O has an fee structure in which 


“large” (1.2-nm-diam) “supercages” are connected by 
“small” (0.7-nm-diam) sodalite cages. The unit cell has a 
lattice parameter of 2.5 nm and contains one supercage and 
56 Na +1 ions. These charges are balanced by negative 
charges produced by the substitution of Al +3 for Si +4 in the 
alumino-silicate framework. 3 




FIG. 1. (a) The dc susceptibility of an ion exchanged sample consisting 
entirely of Fe 2+ . (b) The reciprocal susceptibility obtained from the data of 

(a) 
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FIG. 2. The dc susceptibility of a sample after a single reduction to Fe° FIG. 4. The real (solid circles) and imaginary (open circles) parts of the ac 

measured in a 10 G field. The upper curve is field cooled; the lower is zero magnetization of a reduced sample measured at 10 Hz. 

field cooled. 


By using conventional ion-exchange methods, we have 
introduced Fe +2 ions into the NaY zeolite and reduced it to 
Fe° with solvated electrons and Na -1 anions in an ether 
solvent. 4 The ion exchange process followed by the reduc¬ 
tion is expected to yield iron clusters in the supercages with 
a maximum of 28 Fe atoms, with 56 K +1 and/or Na +1 ions 
reintroduced to maintain charge neutrality. Although we have 
tried to prevent exposure to oxygen we expect some oxida¬ 
tion of Fe atoms to occur yielding a mixture of Fe° and Fe +2 
of unknown proportions. Although both multiple-exchange 
and multiple-reduction processes are possible, the samples 
used in these experiments were the result of one stage of 
each. 


III. EXPERIMENTAL RESULTS 

We are reporting here the temperature- and field- 
dependent dc susceptibility and the temperature- and 
frequency-dependent ac susceptibility which have been mea¬ 
sured on a Quantum Design MPMS2 susceptometer. The dc 
magnetic susceptibility and reciprocal susceptibility of the 
zeolite sample after Fe 2+ exchange but before reduction are 


shown in Fig. 1. The high temperature behavior is Curie— 
Weiss (CW) with @*=10 K with small deviations from CW 
at low temperature. 

The dc magnetic susceptibility measured after reduction 
to Fe° is shown in Fig. 2. The upper and lower curves are 
obtained from the field cooled (FC) and zero field cooled 
(ZFC) measurements, respectively. There are three interest¬ 
ing features in these data; the irreversibility which starts near 
300 K, the peak near 100 K, and the Curie-like behavior at 
low temperatures. The Curie behavior arises from residual 
Fe +2 ions which were missed in the reduction process or 
were oxidized after reduction. Magnetic measurements made 
several months after sample preparation give essentially the 
same results implying no long term oxidation. The peak near 
100 K can be attributed to a blocking temperature, T b , asso¬ 
ciated with superparamagnetic behavior, although if this 
were a conventional superparamagnet the irreversibility 
would begin near T b . Figure 3 shows the field dependence of 
the ZFC data for magnetic fields between 10 and 5000 G. 
The blocking temperature peak is first shifted to lower tem¬ 
peratures and then destroyed by fields of less than 1000 G. 
Hysteresis curves taken between T b and the paramagnetic 
regime indicate remanence and coercive fields of about 
1 x 10 -6 and 5 G, respectively. 
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FIG. 3. The dc susceptibility of a reduced sample measured m. 1, 10, A, FIG. 5. The real part of the ac Magnetization of a reduced sample measured 
100; 1,500; and 0,5500 G. at: •, 0.1; A, 10; and 1. '0o0 Hz. 
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The real and imaginary parts of the ac susceptibility— x' 
and x"> respectively—were measured in an ac field of 1 G 
(with no static field) for frequencies between 0.1 and 1000 
Hz. The temperature dependence of x' an d x" measured at 
10 Hz is shown in Fig. 4. The absence of an imaginary com¬ 
ponent in the low temperature range confirms our suggestion 
that this is a paramagnetic regime—where there are essen¬ 
tially no losses. On the other hand, near the peak in the 
susceptibility of a superparamagnet (or a spin glass) where 
the measuring frequency and relaxation time are related by 
co= 1/t, the real part of the magnetization, x', should have 
an inflection point while x" should have a maximum. 5 The 
data do not show this behavior at any measuring frequency. 
In addition there is a weak frequency dependence of T b (Fig. 
5). 

IV. SUMMARY 

The ion exchange and reduction techniques which we 
have developed to incorporate small clusters of Fe° into the 


supercages of NaY zeolite have produced novel samples 
whose magnetic properties can best be described as “nomi¬ 
nally superparamagnetic.” Some of the anomalous behavior 
which is observed is certainly due to a distribution of particle 
sizes or possibly to particles which consist of a mixture of 
Fe° and Fe +2 leading to a frustrated spin glass. Currently we 
are investigating the effects of multiple exchange and reduc¬ 
tion on the magnetic properties and the use of Mossbauer 
spectroscopy to characterize the structure. 
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Preparation and microwave characterization of spherical and monodisperse 
Co 20 Ni 80 particles 

G. Viau, F. Ravsl, and 0. Acher 

Commissariat a L’Energie Atomique, BP 12, 91680, Bruyeres le Chatel, France 

F. Fievet-Vincent and F. Fievet 

Laboratoire de Chimie des Materiaux Divises et Catalyse, Univers'.te Paris 7-Denis Diderot, 

2 Place Jussieu, 75251 Paris, Cedex 05, France 

Spherical and monodisperse Co 20 Ni 80 particles were prepared, in the micrometer and submicrometer 
size range, by the polyol process. X-ray diffraction showed crystal! x'e particles with a fee structure. 

From electron probe microanalysis a fairly homogeneous distribution of both elements within each 
particle was observed. Microwave properties of metal particles, dielectric matrix composites were 
studied in the 0.1-18 GHz range for different filler concentrations. The intrinsic permeability of the 
metal powders was obtained using the Bruggeman effective medium theory. The control of the 
particle size allowed the study of its effect upon dynamic permeability. Whereas micrometer size 
particle permeability presents a single resonance band at low frequencies which can be correlated to 
the low magnetocrystalline anisotropy of the particles, submicrometer size particle permeability 
exhibits an original behavior, never reported before, with several resonance bands. 


I. INTRODUCTION 

One way to make electromagnetic absorbers is to dis¬ 
perse ferromagnetic powders in an insulating matrix. Previ¬ 
ous studies 1,2 showed that the microwave properties of such 
materials depend on particle shape and granulometry. Spheri¬ 
cal particles present an ad\ antage in minimizing permittivity 
level of the composites whereas the maximum of the imagi¬ 
nary part of permeability decreases when the panicle size 
increases. 

The polyol process is a method for preparing fine metal¬ 
lic powders which has been developed over the last few 
years. 3 This process which applies to cobalt and nickel al¬ 
lowed the elaboration of spherical and monodisperse par¬ 
ticles with an accurate control of the particle mean diameter 
in the micrometer and submicrometer size range. 4 Our aim 
was to adapt the polyol process to the preparation of fine 
bimetallic cobalt-nickel particles. We focused the study on 
the Co 20 Ni 80 composition which corresponds to low magne¬ 
tocrystalline anisotropy in bulk alloys. Composites were 
made with the Co 20 Ni 80 powders and their microwave per¬ 
meability was measured. 


II. EXPERIMENTAL METHODS 

A. General description of the polyol process 

Finely divided metal powders (Co,Ni,Cu,Pb, precious 
metals) are obtained by precipitation in hot liquid polyols. 
The reaction proceeds according to the following scheme: 
progressive dissolution of a suitable powdered metallic com¬ 
pound (precursor), reduction of the dissolved species by the 
polyol itself; nucleation and growth of the metal particles 
from the solution. 4 

In standard conditions the metallic nuclei are formed 
spontaneously (homogeneous nucleation). However this ho¬ 
mogeneous nucleation can be replaced by an heterogeneous 
one by the formation of seed particles acting as foreign nu¬ 
clei. More generally, the kinetic control of the nucleation and 


growth steps allows the synthesis of powders made up of 
particles with a well-defined shape, a controlled size, and a 
narrow size distribution. 5 

B. Preparation of CojoNigg particles 

CoNi particles were prepared as follows: cobalt and 
nickel acetate hydrate were used as precursors, they were 
dissolved in a NaOH-ethylene glycol solution; the NaOH 
concentration was in the range 0.5-2 mol dm -3 , the precur¬ 
sor concentration was typically 0.2 mol dm' 3 with a Co/Ni 
molar ratio: 20/80. The solution was stirred and heated up to 
195 °C; the water and the volatile organic products of the 
reaction were distilled off while the polyol wa* refluxed. 
After a few hours the metal was qualitatively precipitated 
from the solution, the metal particles were recovered by cen¬ 
trifugation, washed with ethanol, and dried in air at 50 °C. 
The use of a basic solution of ethylene glycol shortens the 
reaction time and allows one to obtain, by homogeneous 
nucleation, monodisperse particles more easily. CoNi par¬ 
ticles were also obtained by heterogeneous nucleation. the 
seed particles being tiny metallic silver particles formed in 
situ by the admixture of silver nitrate oissolved in ethylene 
glycol to the original reactant solution. 
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FIG. 1 XRD pattern of a Co^oNigp powder obtained by reduction of Co and 
Ni acetate in NaOH-ethylene glycol solution (Co Ka radiation). 
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(b) 

FIG. 2. (a) Micronic size Co a )Ni m monodisperse particles obtained by ho¬ 
mogeneous nuclcation (d„= 1.4 /im, <r= 0.2 /am), (b) Submicronic size 
Co^Nigo monodisperse particles obtained by heterogeneous nuclcation 
(d m - 0.33 /am, <r=0.05 /am). 

C. Characterization techniques 

Phase analysis was performed by x-ray diffraction 
(XRD) using a C.G.R. x-ray powder diffractometer (Co Ka 
radiation). The form and the size of metallic particles were 
determined by scanning electron microscopy (Philips 505). 
The average diameter and the standard deviation were esti¬ 
mated from image analysis of ~250 particles. The distribu¬ 
tion of the two elements within isolated particles was studied 
by energy dispersive x-ray spectrometry (EDS), the micro¬ 


probe being associated with a scanning transmission electron 
microscope (STEM). Magnetization saturation of powders 
and composites were measured by a vibrating sample mag¬ 
netometer. 

Particles were randomly dispersed in epoxy resin with 
concentration ranging from 30% to 50% by volume. Particle 
concentrations were determined by saturation magnetization 
measurements. Microwave properties of composites were 
measured in 0.1-18 GHz frequency range with an APC7 
coaxial line associated with a network analyzer. 

ill. RESULTS AND DISCUSSION 

Co 2 oNi 80 powders obtained are well crystallized as evi¬ 
denced by XRD (Fig. 1). The pattern can be indexed as a fee 
lattice. It is well known 6 that nickel crystallizes with a fee 
lattice (a =0.352 38 nm) and that there are two cobalt poly¬ 
morphs: Co(a) with a hexagonal lattice and Co(e) with a fee 
one (a=0.354 47 nm). From Fig. 1 it can be inferred that 
there is no Co{a) polymorph but it is not possible to ascer¬ 
tain if Co 2 oNig 0 powders are solid solutions or mixtures of 
cobalt and nickels fee phases owing to the very close values 
of the cell parameters of these two phases. 

Typical examples of Co 2() Nig 0 powders obtained by the 
polyol process are provided by the scanning electron micros¬ 
copy micrographs in Fig. 2. The first sample [Fig. 2(a)] was 
obtained by homogeneous nuclcation from a 2 mol dm -3 
NaOH-ethylene glycol solution. The particles are quasi- 
spherical with a mean diameter d m =l.4 fx m, a narrow size 
distribution (standard deviation er=0.2 /xm), and a low de¬ 
gree of agglomeration. The second sample [Fig. 2(b)] was 
obtained by heterogenous nucleation (Ag/Co+Ni atomic ra¬ 
tio: 5X10 -5 ). The particles are smaller (d m = 0.33 /tm, 
o , =0.05 /xm). Heterogeneous nucleation gives particles in 
the submicrometer size range and allows their mean diameter 
to be controlled by varying the amount of AgN0 3 used to 
form the silver seed particles. 

The Co/Ni ratio in the final metal powder is the same as 
in the starting solution: 20/80. Chemical analysis shows that 
the main 'mpurities are carbon and oxygen at a level lower 
than 0.5% by weight. 

The global composition Co 20 Ni 80 is found again for each 
isolated particle analyzed by energy dispersive spectroscopy 



(a) (b) (c) 


FIG 3 Qualitative analysis of element distribution in Co^^Ni^, particles with EDS microprobc (a) STEM micrograph, repartition map for (b) nickel, (c) 
cobalt. 
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FIG. 5. Comparison of p"(io) for two Co^Ni^, powders of different granu¬ 
lometry (a) d„=1.5 /xm; (b) d m = 0.3 /um. 


FIG. 4. Intrinsic permeability [/x'(ai),/x"(<ii)] for (a) Co^Niso powder 
(d m = 1.5 /xm); ( b ) Ni powder (</„=1.4 /urn); (c) Co powder (d„= 1.9 /xm). 

(EDS). Moreover, the distribution of each element within 
one particle appears fairly homogeneous (Fig. 3). However, a 
small concentration gradient can be observed from the heart 
to the outer part of the particle, the heart being slightly 
poorer in nickel than the outer part. This difference in com¬ 
position which cannot be estimated quantitatively is related 
to different kinetics of reduction and precipitation for the two 
metals. 

Saturation magnetization values were typically 75 and 
72 emu/g for micrometer and submicrometcr size particles, 
respectively. These values are very close to bulk metal value 
and corroborate the low level of impurities. 

Dynamic permeability of Co 20 Ni 80 powders-epoxy resin 
composite materials presents a resonance in the 0.1-18 GHz 
range. The composite permeability /r e (w) depends on the fer¬ 
romagnetic particle concentration. It has been shown 
recently 1,2 that a homogenization law adapted from Brugge- 
man theory 7 can describe this effect. According to these stud¬ 
ies intrinsic permeability /r,(w) of our powders was inferred 
from composite permeability measurements. For a given 
powder the values computed from /i e (to) measure¬ 

ments for several composites of different volume fraction, 
were found weakly dependent on the volume fraction. Thus, 
/x,(<u) may be considered as an intrinsic property of the pow¬ 
ders. 

Figure 4 shows /x,(w) for Co 20 Ni 80 , Ni, and Co powders 
of comparable granulometry in the micrometer range. The 
maximum of /x"(w) appears at 1.4, 1.8, and 6.5 GHz for 
Co 20 Ni 80 , Ni and Co powders, respectively. The shift of reso¬ 
nance bands observed with chemical composition can be cor¬ 
related to a variation of the magnetocrystalline anisotropy. In 
the case of a monodomain and monocrysfalline sphere 
Kittel 8 linked the resonance frequency to the magnetocrys¬ 
talline anisotropy field: f r =(y/2ir)H a . H a values computed 
from resonance frequency measurements by Kittel formula 
present a variation with chemical composition in qualitative 
agreement with the variation of the anisotropy constants re¬ 
ported for Ni, Co, and NiCo alloys. 9 

Effect of particle size upon microwave permeability 
were studied by Berthault et al. with permalloy particles in 
the 4-16 /xm size range. 1 It was shown that the variation of 


the dynamic permeability with granulometry could be inter¬ 
preted by the eddy current effects. We present here a com¬ 
parison between /x''(w) for two Co 20 Ni 80 samples of differ¬ 
ent granulometries in the micrometer and submicrometer size 
range (Fig. 5). Whereas micrometer size particles (d m =1.5 
/xm) exhibit a permeability curve with a single resonance 
band the submicrometer size particles ( d m -03 /xm) exhibit 
an original behavior with three resonance bands. This unex¬ 
pected phenomena for particles exhibiting uniformity of 
shape, size, and composition, can be clearly related to their 
small size. Actually, we have observed a similar behavior 
with ferromagnetic fine particles of different composition but 
with a similar mean diameter. Results will be reported 
elsewhere. 10 To our knowledge such a phenomena has never 
been reported before. It can be tentatively related either to 
the magnetic domain structure of small particles or to a sur¬ 
face effect similar to the effect responsible for spin wave 
resonance in thin ferromagnetic films. 

IV. CONCLUSION 

The intrinsic permeability /x"(w) of Co 20 Ni 80 particles 
having controlled and well-defined morphological character¬ 
istics have been measured. A size effect has been clearly 
evidenced. For particles in the micronic size range a single 
resonance band has been observed at low frequency as ex¬ 
pected for a material with a low magnetocrystalline energy. 
Particles in the submicron range exhibit an original behavior, 
never reported before, with several resonance bands. 
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Samples containing Fe nanoparticles dispersed in Si0 2 were prepared by high energy ball milling. 

We have studied the variation with the milling time of both the saturation magnetization and the 
coercive force of these samples. The rapid increase of coercivity with the decrease of temperature 
observed in the low temperature range suggested the presence of superparamagnetic particles in the 
samples. Nevertheless, our experimental data were in poor agreement with the well-known T m law 
describing the coercive force of superparamagnetic particles. Coercivities as high as 540 and 850 Oe 
were obtained for samples with *=0.3 at room temperature and at 1.7 K, respectively. From the 
analysis of the temperature dependence of the saturation magnetization the spin wave stiffness 
constant was obtained. This quantity evidenced the enhancement of the thermal demagnetization 
associated with the reduction in size. 


I. INTRODUCTION 


III. RESULTS AND DISCUSSIONS 


The high coercivity values (up to 1 kOe) measured for 
Fe nanoparticles embedded in insulating or conducting ma¬ 
trix have induced a lot of research work on the preparation 
and characterization of this kind of nanocomposite 
materials. 1 Most of these materials were prepared by sputter¬ 
ing technique. 1 Although some bulk preparational methods 
such as high energy ball milling have been successfully used 
to prepare nanostructured materials, only a few results have 
been reported regarding the prop rties of metal nanoparticles 
prepared by this technique. Recently, using high energy ball 
milling, Ambrose et al } prepared Fe nanoparticles in an 
A1 2 0 3 matrix and obtained coercivities of 600 Oe at 5 K and 
230 Oe at room temperature. In this paper we report on the 
preparation and detailed characterization of the magnetic 
properties of Fe-Si0 2 nanocomposities prepared by high en¬ 
ergy ball milling. 


II. PREPARATION OF SAMPLES AND EXPERIMENTAL 
TECHNIQUES 

Samples of the series Fe x (Si0 2 )| with Fe volume frac¬ 
tion * in the range 0.1 *£*=£0.65 were prepared by high 
energy ball milling. The starting materials consisted of -325 
mesh Fe powders and silica gel prepared by the conventional 
method 3 of hydrolysis and polycondensation of silicon tetra- 
ethoxide in water and ethanol solutions under acidic me¬ 
dium. The gel was dried in air at 333 K for 15 days. The 
amorphous nature of silica gel was confirmed by x-ray dif¬ 
fraction (XRD). Appropriate amounts of Fe and Si0 2 gel 
were placed in a hardened stainless steel vial with four hard¬ 
ened stainless steel balls so that the ratio of the weight of the 
balls to that of the powder was 14:1. The vial was sealed in 
an inert atmosphere to prevent oxidation. These materials 
were then milled for up to 70 h. The as-milled samples were 
characterized by XRD and transmission electron microscopy 
(TEM). Magnetic measurements were carried out in pressed 
powder samples by means of vibrating sample magnetome¬ 
ter, superconducting quantum interference device, and an ac 
susceptometer. 


XRD patterns of the samples revealed along with the 
presence of Fe peaks that the samples were free from the 
oxides of Fe down to the resolution of the technique. The 
average Fe grain size was evaluated from the width at half¬ 
maximum of the (110) reflection after making the correction 
due to the instrumental broadening. Figure 1 shows the mill¬ 
ing time dependence of the average grain size as measured in 
the sample with * = 0.3. From Fig. 1 a rapid decrease of the 
average grain size down to a saturation value of 9 nm is 
apparent. In the inset of Fig. 1 we plotted the saturation (70 
h milling) average grain size of samples as a function of 
compositions. Particle size and dispersion were examined by 
TEM. Figure 2 presents a picture taken in a * = 0.3 sample 
(milled for 70 h). From this picture it was possible to evalu¬ 
ate the average particle size as 11 ± 2 nm and to observe the 
excellent degree cf dispersion of the particles. For all the 
samples comparison of the average grain and particle size 
showed reasonable agreement and led us to identify both 
parameters. In Fig. 3 we present, for the different composi¬ 
tions studied, the variation of the magnetization with the 
milling time corresponding to an applied field of 10 kOe. In 
all the cases the magnetization decreased down to a 
composition-dependent saturation value. The milling time 
dependence of the as-milled room temperature coercive force 
is presented in Fig. 4. This parameter increased with milling 



FIG. 1. Typical plot of the average grain size (d) vs the milling time (r) for 
the Fe 03 (SiO 2 ) 0 7 sample. In the inset a plot of d vs Fe volume fraction (x) 
(samples milled for 70 h) is presented. 
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FIG. 2. Typical TEM microguph of the sample with x = 0.3. 


FIG. 4. Plot of the coercive force (H c ) vs the milling time (f). The inset 
shows a plot of H c vs x for the 70 h milled samples. 


time up to a maximum (saturation) value which was 
achieved after 30 h of milling. The correlation of these re¬ 
sults with the milling time evolution of the particle size al¬ 
lowed us to conclude that both the decrease in saturation 
magnetization and the increase of coercive force were origi¬ 
nated by the reduction of particle size. Regarding the first 
quantity this correlation suggests the presence of superpara- 
magnetic particles in the samples. As for the coercive force 
the values we obtained are larger than the anisotropy field of 
Fe which evidences that an interaction different from the 
bulk magnetocrystalline anisotropy rules magnetization re¬ 
versal. The inset in Fig. 4 presents the compositional evolu¬ 
tion of the coercive force of samples milled for 70 h. Inter¬ 
estingly a maximum is obtained for x= 0.3 which evidences 
the occurrence of interparticle interaction since this value is 
clearly lower than the percolation concentration. 

In Fig. 5(a) we present results corresponding to the tem¬ 
perature dependence of the magnetic moment, m, for the 
sample with x = 0.3 milled for 70 h. These results represent 
the behavior of all the samples studied. The magnetic mo¬ 
ment was measured after zero field cooling (ZFC) and field 
cooling (FC) with two different applied fields (20 kOe and 
75 Oe). Our data ev : dence the p: ... »i. of a fraction of su- 
perparamagnetic particles in the samples. Nevertheless, mag- 
netometric measurements did not allow us to distinguish any 
variation of the blocking temperature either with the compo¬ 
sition of the samples or with the milling time (blocking tem¬ 
peratures close to 4 K were observed in all the cases). In 
order to clarify this point we measured the temperature de¬ 
pendence of the ac (1 kHz) susceptibility [see Fig. 5(b) 



FIG. 3. Plot of the saturation magnetization (A/,) vs the milling time (r). 


where results corresponding to x=0.3 milled for 70 h are 
presented]. From these results we obtained the blocking tem¬ 
perature, T B , plotted in the inset of Fig. 5(b). The values 
obtained are in quantitative agreement with the magnetomet¬ 
ric results, considering the typical measuring time character¬ 
istic of both techniques. We can conclude that the average 
volume of the superparamagnetic fraction of the samples was 
not influenced very much by the preparation parameters. 
Consideiing the evolution with these parameters (and also 
with the composition) of the average particle size (XRD and 
TEM) we can conclude that the superparamagnetic particles 
corresponded to the tails of the size distribution and therefore 
were only small minority. Going back to thermal evolution of 
the magnetic moment of the samples [Fig. 5(a)] it is worth 




FIG. 5. (a) Plot of the magnetic moment (m) vs temperatures (7) for the 
sample with *=0.3 milled for 70 h (see the text), (b) Plot of the ac suscep¬ 
tibility (x ) vs temperature (I) for sample with x=0.3 milled for 70 h. Inset: 
Plot of the blocking temperature (T B ), as obtained from ac susceptibility 
measurements, vs Fe volume fraction (x). 
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FIG. 6. Plot of the spin wave stiffness constant ( B ) against Fe volume 
fraction (at) for the samples milled for 70 h (inset). Plot of B against the 
average grain size (d) for the samples milled for 70 h. 

pointing out that the increase in magnetic moment with the 
increase of temperature observed in the low field curves can 
be understood as corresponding to a decrease of the magnetic 
anisotropy with the increase of temperature, which originates 
the alignment with the field of the moments of a larger num¬ 
ber of particles. From the high field m(T) curve it was pos¬ 
sible to obtain the thermal evolution of the magnetic moment 
using Bloch’s law given by m(T)=m(0)(l-BT 312 ) where 
B is spin wave stiffness constant, m(T) and m( 0) are the 
moments at temperatures T and 0 K, respectively. For that 
purpose we considered a temperature range clearly above the 
blocking temperature of the superparamagnetic particles. Our 
results are presented in Fig. 6 where we have plotted the 
values of B obtained from the fits of the straight line plots of 
m(T)lm(0) vs T m as a function of the composition and 
average grain size (inset, for the samples milled for 70 h). 
The occurrence of the enhanced thermal demagnetization in 
the small particles (compared to the equivalent bulk process) 
is apparent from Fig. 6. Also it is interesting to note that our 
B values are of the order of those obtained in samples of 
similar composites prepared by sputtering. 1 The enhanced 
demagnetization results from the influence of size in the 
electronic properties of the materials and has been related to 
the occurrence of a cutoff frequency in the spin wave 
spectrum. 1 

The temperature dependence of the coercive force (Fig. 
7) also suggested the presence of superparamagnetic par¬ 
ticles to which the rapid increase of this parameter with the 
decrease of temperature could be ascribed. This effect is 



FIG. 7. Plot of coercive force (H c ) vs temperature (7; 


more clear for the sample with a:= 0.1 where the coercive 
force increased up to 970 Oe at 1.7 K. The temperature de¬ 
pendence of the coercive force of our samples does not obey 
the T m law 4 which can be ascribed to the occurrence of 
interparticle dipolar interactions (evidenced by the composi¬ 
tional dependence of the coercive force). 

IV. CONCLUSIONS 

We have studied the effect of particle size on the mag¬ 
netization and coercive force of Fe nanoparticles dispersed in 
silica-gel matrix prepared by ball milling. Reduction in par¬ 
ticle size originated a decrease of the saturation magnetiza¬ 
tion and an increase in both coercivity and spin wave stiff¬ 
ness constant. It is worth remarking that our room 
temperature coercive force values were of the same order as 
those obtained in Fe-Si0 2 nanocomposites prepared by 
sputtering. 1 
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Nuclear magnetic resonance study of the magnetic behavior of uitrafine Co 
clusters in zeolite NaY 
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59 Co spin-echo nuclear magnetic resonance (NMR) experiments have been carried out at 1.3 and 4.2 
K, for external magnetic fields up to 9 kOe, in order to study 6-10 A, single-domain Co clusters 
isolated inside zeolite NaY supercages. The magnetic behavior is characterized by a 
superparamagnetic blocking temperature, relaxation time behavior for increasing and decreasing 
fields, and a dependence on the magnetic history. The observed NMR spectra are broad with 
structural features characteristic of both fee- and hep-like short-range order. Unlike bulk materials, 
the application of fields up to 9 kOe causes a dramatic increase in the signal intensity. The results 
are discussed in terms of the particle-size distribution and crystalline anisotropy, and their 
relationship to the temperature and field dependence of the superparamagnetic/ferromagnetic 
behavior. 


I. INTRODUCTION 

In an earlier work, it was demonstrated how information 
concerning the size and location of Co clusters in zeolite 
NaY could be obtained by 59 Co spin-echo NMR 
measurements. 1 In particular, the superparamagnetic block¬ 
ing temperature was used to obtain an estimate for the aver¬ 
age Co cluster size in Co/NaY samples which were prepared 
using different thermal treatments. Also, a selective chemical 
treatment wiih triphenylphosphinc was used to determine the 
location of the clusters. It was found that preparation of Co/ 
NaY under “mild” conditions (decomposition and annealing 
carried out at 200 °C) resulted in the production of Co clus¬ 
ters with an average diameter of 6-10 A inside the NaY 
supercages, while preparation of Co/NaY under “extreme” 
conditions (decomposition and annealing carried out at 
500 °C) resulted in larger clusters outside the NaY cages. 

This work focused on the interested magnetic behavior 
which characterizes the 6-10 A, single-domain Co clusters 
isolated inside the zeolite NaY supercages. 1 In order to study 
this behavior, detailed 59 Co spin-echo NMR experiments 
have been carried out at 1.3 and 4.2 K, for magnetic fields up 
to 9 kOe. The observed spectra are broad with a primary 
peak and a secondary peak characteristic of fee- and hep-like 
short-range order, respectively. Unlike bulk materials, the ap¬ 
plication of a magnetic field causes a dramatic increase in the 
NMR signal intensity which is reversible. As described be¬ 
low, in addition to a superparamagnetic blocking temperature 
which occurs within this temperature range, the magnetic 
behavior is characterized by relaxation time effects for in¬ 
creasing and decreasing fields, and a dependence on the mag¬ 
netic history. [More precisely, the superparamagnetic relax¬ 
ation is blocked in the time window of the NMR 
measurement (5 ns).] These results are discussed in terms of 
the particle-size distribution and crystalline anisotropy, and 
their relationship to the temperature and field dependence of 
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the superparamagnetic/ferromagnetic behavior. 

II. EXPERIMENTAL APPARATUS AND PROCEDURE 

Zeolite NaY (Linde LZY-52) was dehydrated at 500 °C 
for 2 h in Ar, followed by Co 2 (CO) 8 vapor absorption at 
room temperature in CO atmosphere. The yellow colored 
sample was then thermally treated at 200 °C. for 1 h in H 2 to 
remove the carbonyl ligands. The adsorbed hydrogen was 
subsequently removed by purging with Ar gas at 200 °C for 
1 h. The Co/NaY sample was evacuated and then sealed in a 
Pyrex tube. The final Co loading was approximately 1 wt %. 

Spin-echo NMR measurements were carried out on a 
commercial Matec model 7700 puise modulator and receiver 
(mainframe), with matching Matec model 765 rf pulsed os¬ 
cillator plug in (90-300 MHz and 500 W). The spectrometer 
system was matched with a Varian model V3400 electromag¬ 
net and Fieldial regulated power supply capable of fields up 
to 9 kOe. Operation at liquid helium temperatures was pos¬ 
sible with a conventional glass double-dcwar system and 
pumping system. The measured echo amplitude was normal¬ 
ized and divided by the first power of the frequency in the 
usual manner. Additional details concerning the sample 
preparation procedure, pulsed NMR apparatus, data acquisi¬ 
tion, and spectral analysis can be found in the previous 
report. 1 

III. RESULTS AND ANALYSIS 

Figure 1 shows the 59 Co spin-echo NMR spectrum ob¬ 
tained from the Co/NaY sample described above at 4.2 and 
1.3 K, for zero external magnetic field. As illustrated in Fig. 
1, no NMR signal was observed at 4.2 K (solid diamonds); 
however, as the temperature was lowered to 1.3 K, a broad 
spectrum with a central peak at 212 MHz dramatically ap¬ 
peared (open circles). A secondary peak in the spectrum ex¬ 
ists at approximately 222 MHz. As indicated in the earlier 
work, 1 a consideration of the signal-to-noise ratio indicates 
that this is indeed the result of a blocking of the superpara¬ 
magnetic relaxation, and not just an increase in the signal 


6576 J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6576/3/$6.00 


© 1994 American Institute of Physics 








6 to 10 A clusters inside zeolite NaY supercages; solid diamonds, 7=4.2 K 
(no signal observed); open circles, 7"-1.3 K. The sample was initially 
cooled from room temperature to 4.2 K and then 1.3 K in zero field. 



FIG. 2. 59 '"o spin-echo NMR spectra obtained at 1.3 K from 6 to 10 A Co 
clusters inside zeolite NaY supercages; solid triangles, H-9 kOe; open 
circles, H= 0. The sample was initially cooled from room temperature to 1.3 
K in zero fieln. 


intensity due to the Boltzmann factor. The existence of a 
superparamagnetic blocking temperature in this temperature 
range along with an approximate value for the crystalline 
anisotropy for small Co particles resulted in an estimate of 
the average cluster diameter between 6 and 10 A. 1 This is 
supported by the fact that a chemical treatment with triph- 
enylphosphine does not change the observed spectrum, indi¬ 
cating that the clusters must be protected by being located 
inside the NaY supercages. Consequently, an upper limit of 
12 A, which is the diameter of the supercages, is established 
for the clusters. The principal peak at 212 MHz and second¬ 
ary peak at 222 MHz are characteristic of fee- and hep-like 
short-range order, respectively. These values are lower than 
the corresponding bulk cobalt values by about 7 MHz. This 
tentative assignment seems reasonable in view of a similar 
spectrum which was obtained from a Co/NaY sample that 
was prepared under “extreme” conditions (decomposition 
and annealing carried out at 500 °C), resulting in larger clus¬ 
ters outside of the NaY cages. 1 The larger Co clusters were 
characterized by a spectrum which was similar in shape to 
that presented in Fig. 1, although about 25% narrower. The 
two peak frequencies were quite close to the bulk values. 

Figure 2 shows the 5 ‘ J Co spin-echo NMR spectrum ob¬ 
tained from the Co/NaY sample at 1.3 K for external mag¬ 
netic fields of H =9 kOe (solid triangles) and H =0 (open 
circles). The spectra illustrated in Fig. 2 were obtained by 
cooing the sample in zero 'icld from room temperature to 
1.3 K, measuring the H =0 spectrum, increasing the field to 
H=9 kOe, and then remeasuring the spectrum. It is signifi¬ 
cant to r.ote that, unlike bulk materials, the application of 
magnetic fields up to 9 kOe causes a dramatic increase in the 
signal intensity which is reversible. This is illustrated in Fig. 
3 which shows the spin-echo intensity (echo height) obtained 
at 1.3 K and 215 MHz as a function of the external magnetic 
field. The open circles are for increasing field and the solid 
triangles represent decreasing field. As discussed below, the 
variation of the NMR signal intensity with magnetic field is 
also characterized by (different) relaxation time behavior for 
both increasing and decreasing fields. The points illustrated 
in Fig. 3 were measured for times that were long compared 


to the corresponding relaxation time, and hence, can be con¬ 
sidered as equilibrium values. Further, although it is not 
shown in either Figs. 1 and 2, the application of an external 
field of 9 kOe causes a reappearance of the NMR signal at 
4.2 K. Finally, a careful comparison of the two spectra illus¬ 
trated in Fig. 2 shows that the application of an external field 
of 9 kOe causes a downward shift of the spectrum by 2.5 
±0.5 MHz. Based on an analysis carried out by Gossard 
et al. 2 for single-domain Co particle^, tne shift observed here 
is about one-third that predicted from bulk behavior. 

Figure 4 shows the 59 Co spin-echo intensity (echo 
height) obtained for the Co/NaY sample at 1.3 K and 210 
MHz as a function of time for both increasing and decreasing 
external field. Here, the sample was first cooled in zero field 
from room temperature to 1.3 K. The field was quk'MV in¬ 
creased to 9 kOe and the time dependence of the signal in¬ 
tensity was measured (open circles). After coming to equi¬ 
librium at 9 kOe, the field was quickly reduced to 0 and the 
signal intensity was again measured as a function of time 
(solid triangles). Fitting the data in Fig. 4 to single exponen¬ 
tials resulted in values of 47 and 16 s for the relaxation time 
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FIG. 4. 59 Co spin-echo NMR intensity (echo height) obtained at 1.3 K and 
210 MHz from 6 to 10 A Co clusters inside zeolite NaY supercages versus 
time, t, in s: open circles, field quickly increased from 0 to 9 kOe; solid 
triangles, field quickly decreased from 9 kOe to 0. The sample was initially 
cooled from room temperature to 1.3 K in zero field. 

at 1.3 K characteristic of increasing and decreasing field, 
respectively. The corresponding values at 4.2 K were signifi¬ 
cantly smaller. 

IV. DISCUSSION AND SUMMARY 

The magnetic behavior of the small, single-domain Co 
clusters isolated inside zeolite NaY supercages is character¬ 
ized by a superparamagnetic blocking temperature which oc¬ 
curs at liquid helium temperatures, relaxation time behavior 
for increasing and decreasing fields, and a dependence on the 
magnetic history. The 59 Co spin-echo NMR spectra are broad 
with a central peak at 212 MHz and a secondary peak at 222 
MHz, which are attributed to fee- and hep-like short-range 
order, respectively. The application of fields up to 9 kOe 
results in a downward frequency shift of the spectrum which 
is approximately one-third that expected for bulk, single¬ 
domain Co. For bulk multidomain ferromagnetic materials, 
the application of an external magnetic field causes a de¬ 
crease in the NMR signal intensity due to the disappearance 
of the domain walls. The dramatic increase in NMR signal 
intensity with applied field that is observed here for the small 
Co clusters is worthy of special mention. 

For zero applied field, a single-domain ferromagnetic 
particle is magnetized along some easy crystallographic di¬ 
rection (for fee cobalt, this is the [111] direction). The energy 
required to reverse the direction of the magnetization relative 
to the easy direction may be written as K 0 V, where K c is the 
crystalline anisotropy constant and V is the volume of the 
particle. (It is assumed that the particles are spherical and not 
stressed by external forces, so the shape and strain anisotropy 
can be neglected.) The single-domain particles will have 
thermal fluctuations in the magnetization direction and, at a 
given temperature T, there exists a finite probability that the 
magnetization vector will reverse its direction and the time 
that describes how rapidly this occurs may be written 
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T={av)~ l exp (K c V/k B T), (1) 

where a is a geometrical factor and k B is the Boltzmann 
constant. 3 The frequency factor v is the Larmor frequency of 
the magnetization vector M s in an effective field 
H ef i=K c IM s . The behavior of a magnetic particle depends 
on the experimental observation time r obs . For 7 0bs S>T, the 
particle will appear to be superparamagnetic, while for 
Tobs^r, the superparamagnetic relaxation will be blocked and 
the particle will show ferromagnetic behavior. For the 
present NMR observations, , r obs =l/i' i « i 5xl0~ 9 s, where v L 
is the resonance frequency (or Larmor frequency of the 
nuclear moment about the magnetic field at the nuclear site). 
Thus, if 1/v l <t (i.e., ferromagnetic behavior), the nuclear 
Zeeman splitting caused by the hyperfine field at the nuclear 
site will be observed. Conversely, for 1 /v t s>r (i.e., super¬ 
paramagnetic behavior), the Zeeman splitting and, conse¬ 
quently, the NMR signal will disappear. A superparamagnetic 
blocking temperature can be defined as T B =K c V/k B . Kiin- 
dig et al . 4 have used the Mossbauer effect to study small 
particles of a-Fe 2 0 3 and /3-Co. They find that as the particles 
transform from ferromagnetic to superparamagnetic behavior 
(by varying the particle size or the temperature), the Moss¬ 
bauer spectra shows a decrease in the Zeeman structure with 
a corresponding increase in the quadrupole structure. The 
relaxation time described above by Eq. (1) can also be influ¬ 
enced by the application of an external magnetic field, H. In 
this case, there will be a magnetic energy M,HV in addition 
to the anisotropy energy K C V which will contribute to the 
superparamagnetic blocking. This will cause more of the 
(smaller) particles to exhibit ferromagnetic behavior and, 
hence, contribute to the NMR signal intensity. Further, the 
application of an external magnetic field will cause the clus¬ 
ter moments to reorient such that the internal fields at the Co 
nuclei become more aligned perpendicular to the rf excita¬ 
tion field of the NMR spectrometer. Consequently, more nu¬ 
clei undergo the appropriate transitions and the signal inten¬ 
sity is increased. It is even likely that the clusters are free to 
reorient such that the easy axes are aligned with the magnetic 
field in equilibrium. The change in magnetic field behavior 
shown in Fig. 3 provides an estimate for the anisotropy field 
of 2 kOe. For external magnetic fields in excess of ihe 9 kOe 
used here, the NMR signal intensity may eventually start to 
decrease due to a decrease in the domain enhancement factor. 
Work is currently in progress in an attempt to extract a quan¬ 
titative description of the cluster size distribu ion from the 
field dependence of the NMR signal intensity. 

'Z, Zhang, Y. D. Zhang, W. A. Hines, J. I. Budnick, and W. M. H. Sachtler, 
J. Ame. Chem. Soc. 114 , 4843 (1992). 

2 A. C. Gossard, A. M. Portis, M. Rubinstein, and R. H. Lindquist, Phys. 
Rev. 138 , A1415 (1965). 

3 L. Neel, Ann. Geophys. 5, 99 (1949). 

4 W, Kiindig, R. H. Lindquist, and G. Constabaris, Proceedings of the In¬ 
ternational Conference on Magnetic Resonance and Relaxation, Colloque 
Ampere XIV, Ljubljana, 1966 (North-Holland, Amsterdam, 1967), p. 
1029. 
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Perfluorocyclobutane aromatic ether polymers (PFCB) are being researched as planarization 
materials for alternative magnetic media substrates allowing smoother surfaces for lower head flying 
recording. The results o* current work reported herein have shown that PFCB can be used to affect 
surfaces on canasite with R A ’s less than 2 nm. In addition, magnetic media can be produced of a 
quality comparative to that obtained on standard NiP-coated A1 as well as that produced on regular 
canasite with equivalent coercivities at about 1500-1600 Oe and squarenesses of 0.8 or better. In 
addition to the above magnetic properties the recording performance was excellent with 
signal-to-noise ratios of planarized media 3.5 dB higher than that on regular canasite. 


I. INTRODUCTION 

Alternative or nonaluminum magnetic media substrates 
have been the topic of numerous discussions as well as semi¬ 
nar series as presented by IDEMA 1 and the subject of a 
recent presentation by one of these authors at the Head and 
Media Technology Conference (1992) during Comdisk. 2 In 
addition to these presentations two recent publications by 
Perettie et al. 3A have focused on the use of benzocyclobutene 
(BCB) as a planarization resin for aluminum substrates with 
conceptually the same idea; the difference being that the 
BCB work required the coated substrates be cured in an inert 
atmosphere. A continuation of this effort is presented here 
with the resin being PFCB, 

Perfluorocyclobutane aromatic ether polymers (PFCB) 
are being researched as planarization materials for alternative 
magnetic media substrates allowing smoother surfaces for 
lower head flying recording. Canasite is a glass ceramic ma¬ 
terial, and is being used as an alternative substrate for ad¬ 
vanced magnetic thin film media. Even though the height of 
the automatically textured surface peaks of polished canasite 
are uniform, the large peak-to-valley heights are not. How¬ 
ever, PFCB-coated canasite substrates have small and uni¬ 
form peak-to-valley heights which should improve durability 
and recording performance. The properties of the materials 
and the surface roughness of the PFCB-coated canasite sub¬ 
strates are being reported here. The magnetic and recording 


performance of the thin film media deposited on PFCB- 
planarized substrates are compared with that on regular ca¬ 
nasite. 

II. EXPERIMENT 
A. Substrates 

The surface morphology of the substrates was character¬ 
ized with an atomic force microscope (AFM). 


B. Magnetic media 

The deposition conditions of the C/CoCr (12 at. %) Ta (2 
at. %)/Cr films are shown with Table I. The magnetic prop¬ 
erties of the thin film media were measured using a digital 
vibrating sample magnetometer (VSM). The recording per¬ 
formance of the thin film media were tested using thin film 
heads with 0.4 /tm gap width and 16.5 pm track width. The 
head wrote and read jack an all ones pattern at a relative 
linear velocity of 10 m/s. The flying height was approxi¬ 
mately 0.2 pm. The average signal output amplitude was 
determined by averaging digitized wave forms. The medium 
noise was obtained by subtracting the integrated i> jise power 
of the recording system from the total integrated noise power 
over a 20 MHz bandwidth. 


TABLE 1. Deposition conditions of C/CoCrTa/Cr thin film media. 


Films 

Sputter 

mode 

Thickness 

(A) 

At 

pressure 

(mTorr) 

Deposition rate K 
(A/min) 

Substrate bias 
(V) 

Deposition temperature 

Cr 

dc magnetron 

1000 

i 

1.8 

0 

Varied 

CoCrTa 

rf magnetron 

500 

3 

1.42 

-48 

Varied 

C 

dc magnetron 

300 

8 

0.3 

0 

Room temperature 
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TABLE III. Magnetic properties of C/CoCrTa/Cr films deposited on cana- 
site and PFCB-coated canasite substrates. 




FIG. 1. Surface profile of regular canasite and PFCB-planarized canasite 
substrates measured with AFM. 


III. RESULTS 

Figure 1 shows the comparison of the surface topogra¬ 
phy of regular canasite and PFCB-planarized canasite sub¬ 
strates measured with AFM. Table II shows the calculated 
roughness of the two types of substrates using the data from 
AFM with R a showing mean roughness and R mm indicating 
maximum height which is the difference in height between 
the highest and lowest points on the profile relative to the 
mean line over the length of the profile. It is obvious that the 
surface of PFCB-planarized canasite substrates is much 
smoother than that of regular canasite substrates. 

The effect of sputtering parameters on magnetic proper¬ 
ties of CoCrTa/Cr films deposited on NiP/Al substrates has 
been intensively investigated. For example, it was reported 
that in-plane coercivity increases and in-planes decrease as 
substrate temperature increases. 5 The same relative result is 
true for the CoCrTa/Cr films deposited on PFCB-planarized 
substrates. In addition, C/CoCrTa/Cr films were deposited on 


TABLE 11. Surface roughness of regular and PFCB-planarized canasite. 


Scan size (/zm) 


1 


SO 

Substrates 

Canasite 

PFCB/canasite 

Canasite 

PFCB/canasite 

R* (nm) 

1.0 

0.48 

6.5 

1.9 

Rm*x (nm) 

14.9 

10.2 

76 

22 


Substrates 

PFCB/canasite 

Canasite 

PFCB/canasite 

Canasite 

H c (Oe) 

1523 

1329 

1594 

1457 

MrT (mEMU/cm 2 ) 

1.9 

2.1 

1.9 

2.2 

S 

0.73 

0.76 

0 75 

0.75 

S* 

0.81 

0.82 

0.80 

0.76 

SFD 

0.22 

0.22 

0.25 

0.27 

Preheat temperature 

200 °C 


300 °C 



pure canasite and PFCB-coated canasite substrates under 
identical deposition conditions but at different experimental 
runs. The magnetic properties of the films deposited on ca¬ 
nasite substrates are not subject to the effect of the possible 
outgassing from PFCB polymer. The magnetic properties of 
the CoCrTa/Cr films are shown below in Table III. 

The coercivity of the magnetic files deposited on PFCB- 
coated substrates is higher than those of films deposited on 
canasite substrates as shown above. Figure 2 also shows the 
comparison of signal-to-media noise ratio of C/CoCrTa/Cr 
films deposited at identical conditions on canasite and 
PFCB-coated canasite substrates, respectively. 

The deposition conditions of these samples are shown in 
Table I. The preheat temperature was 200 °C with the mag¬ 
netic properties of the samples shown in Table III. The media 
deposited on PFCB-coated canasite substrates exhibit about 
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FIG. 2. Comparison of signal-to-media noise ratio of C/CoCrTa/Cr films 
deposited on canasite and PFCB-coated canasite substrates, respectively. 
(Preheat temperature is 200 °C.) 
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3.5 dB higher signal-to-media noise ratio than the films on 
canasite substrates. The films deposited at 300 °C also show 
the similar results. 

IV. CONCLUSION 

PFCB polymer films can be used to affect a surface 
smooth on canasite with R A ’s less than 2 nm in 50 txm scan 
size. CoCrTa/Cr thin film media deposited on PFCB-coated 
canasite exhibited higher coercivity and a 3.5 dB higher 


signal-to-noise ratio over a wide range of recording densities 
in comparison to media deposited on regular canasite sub¬ 
strates. 


‘Alternative Substrates presented at IDEMA Seminar, 1993 and 1994. 
2 Head and Media Technology Conference, November 1992. 

3 J. Magn. Soc. Jpn. 15, Supplement, No. S2 (1991). 

4 IEEE Trans. Magn. MAG-27, 5175 (1991). 

5 M. Lu et al., IEEE Trans. Magn. MAG-28, 3255 (1992). 
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Anomalous perpendicular magnetoanisotropy in Mn 4 N films on Si(IOO) 

K. M. Ching, W. D. Chang, T. S. Chin, and J. G. Duh 

Department of Materials Science and Engineering, Tsing Hua University, Hsinchu, Taiwan, Republic of 
China 

H. C. Ku 

Department of Physics, Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China 

Ferrimagnetic Mn 4 N films were deposited on Si (100) substrrte by dc reactive magnetron sputtering 
from sintered Mn target. Highly (002) textured Mn 4 N ordered phase is formed in situ at studied 
substrate temperatures of 150-250 °C without further annealing. Anomalous perpendicular 
magnetoanisotropy exists in these face-centered cubic films with larger coercivity measured 
perpendicular to the film (2000-3000 Oe) than that parallel (1100-1300 Oe), as is the remanence. 
Coercivity in either direction decreases, while the saturation flux density (from 240 to 610 G) 
increases with increasing substrate temperature. The anomalous perpendicular magnetoanisotropy is 
attributed to (1) the stress-induced anisotropy due to in-plane tensile stress coupled with a reverse 
magnetostriction, and (2) the shape anisotropy due to columnar grain structure. 


I. INTRODUCTION 

In 1932 Ochsenfeld observed that manganese takes up 
nitrogen at about 1100 °C and gives it off again at 1300- 
1320 °C, and that the nitrided product has a Curie point of 
about 500 °C, a coercive force, He, of 200 Oe, an intrinsic 
induction of 200 G under an applied field of 600 Oe, and a 
remanence, Br, of 110 G. 1 

Although there was an argument that Mn 4 N is 
ferromagnetic, 1,2 according to the result of neutron diffrac¬ 
tion in 1962, the Mn 4 N compound was identified to be a 
ferrimagnetic material, 3 which can be formulated as 
Mn(I)NMn(II) 3 . It crystallizes in a perovskite-derived struc¬ 
ture ABX 3 : A is Mn(I) at the comer position, B is N at the 
body center, and X is Mn(II) at face centers of the cubic cell. 
Mn(I) has a large moment (3.53 ,u B at 300 K) with antipar¬ 
allel spin alignment with respect to Mn(II) (-0.89 at 300 
K), 'eading to a ferrimagnetic order of the lattice with a total 
magnetization at 300 K of 0.86 fi B per formula unit. 3 

It is arduous to synthesize Mn 4 N powder by traditional 
ceramic processes, because it requires high temperature 
(>925 K), long reaction time (>200 h), and precise atmo¬ 
sphere control. 4 However, through the assistance of technol- 



Mii 4 N(00I) | 

Mn 4 N(002) 


Si(<l00) 


Si(200) | 
u-Mll(4l 1) • 

MnO(2t)0) i 





G 

2 

t Li. 


250'C 

J 

0 

c 

h-4 

♦ L ! 


225°C 

J 

0 __ 


! 1 , 


I75°C 


v 


_L_ JLL 


150°C 

J 

l 


20 30 40 50 60 70 80 

29(degree) 


FIG. 1. X-ray diffraction patterns of as-deposited Mn 4 N films at various 
substrate temperatures shown. 


ogy like sputtering, it is possible to obtain such films much 
more easily, because high temperature phases could be suc¬ 
cessfully deposited at low substrate temperatures. On the 
other hand, Mn 4 N films were rarely studied. One report stud¬ 
ied Mn 4 N films prepared by facing target reactive sputtering 
and obtained a film with saturation flux density of 510 G and 
coercivity of less than 900 Oe. 5 It is interesting to investigate 
again other synthesis methods and magnetic properties of 
such films. In this study, Mn 4 N films have been prepared by 
dc reactive magnetron sputtering at low substrate tempera¬ 
tures on Si (100) substrate. Structure and magnetic properties 
of the films were studied. 

II. EXPERIMENT 

The Mn 4 N films were prepared by dc reactive magnetron 
sputtering from sintered Mn (99.9%) target. The substrates 
used were Si (100). The vacuum system was pumped to the 
base pressure of 5X10 -5 Torr. Ultrahigh purity Ar and N 2 
gases were first mixed at a ratio of 80:40 seem, and the total 
pressure during deposition was set at 3 mTorr, controlled by 
a needle valve. The substrate temperature was varied from 
150 to 250 °C. Distance between the target and the substrate 
was 3.5 cm. 

The resultant films were examined by x-ray diffract- 
ometry (XRD) using Cu -Ka radiation at a scanning speed of 
l°/min for phase identification. Hysteresis loop both perpen¬ 
dicular and parallel to the film plane were measured at room 
temperature by using a vibrating sample magnetometer with 
a maximum applied field of 20 kOe. The sign of magneto¬ 
striction coefficient was measured by a strain gauge. Micro¬ 
structure of the films was observed by means of a scanning 
electron microscope (SEM). Stress of the films was mea- 


TABLE I. Magnetic properties of Mn 4 N vs substrate temperature (T ,, in 
°C). S is the squareness ratio, H c in Oe, B, in G. 


Sample 

T 

1 s 

He I 

Hex 

B, 

Si 

Si 

A1 

150 

1333 

3048 

240 

0.40 

0.56 

A2 

175 

1143 

2476 

200 

0.35 

0.43 

A3 

225 

1143 

2381 

530 

0.38 

0.61 

A4 

250 

1153 

2020 

610 

0.37 

0.59 
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FIG. 2. Hysteresis loops measured perpendicular (1) and parallel (||) to the 
film plane of a Mn 4 N film deposited at 225 °C. 


sured by a film stress measurement apparatus (FSM). Thick¬ 
ness of the films was measured by means of a stylus method. 

III. RESULTS AND DISCUSSION 

Films of fixed 1.2 /tm thickness, as monitored by ex situ 
thickness measurements, were deposited on Si (100) at sub¬ 
strate temperature ( T s ) of 150, 175, 225, and 250 °C, respec¬ 
tively, with a controlled deposition rate of 27 nm/min. Figure 
1 shows the XRD patterns of films deposited on Si(100) 
substrates. The films exhibit a strong Mn 4 N (002) texture 
with distinguishable (001) superlattice reflection. The degree 
of ordering, estimated from the peak height ratio between 
(001) and (002) diffractions, is practically the same for all 
T s . There are contaminative phases, MnO and a-Mn. The 
amount of MnO increases with T s due to higher oxidation 
tendency for a-Mn on the substrate with residual oxygen. 
While the ■ fount of a-Mn decreases with increasing T s due 
to oxidation. 

Magnetic properties of the films are shown in Table I. 
For an fee structure, large magnetic anisotropy is not usually 
anticipated. However, it is not true for the deposited Mn 4 N 
films. Comparing the hysteresis loops of the films measured 
parallel (||) to the film plane with those perpendicular (1) 
(see Fig. 2) the perpendicular coercivity (Hc ± ) and rema- 
nence (Br x ), hence the perpendicular squareness (S ± ) are 
always much larger than Hcjj, Bry, and 5y, for all substrate 
temperatures (T s ). Specifically, Hc ± can be 1.8-2.3 times 
higher than Hey. Due to much higher He values and larger 
squareness ratio in the perpendicular direction, the films de¬ 
posited on Si(100) show apparently perpendicular magnetic 
anisotropy. Also it is found that saturation flux density (Bs) 
increases with increasing T s . The film deposited at 250 °C 
has a Bs of 610 G, which is 34% of the theoretical value 


TABLE II. The in-plane stress of the films vs substrate temperature (T,, 
in °C). 


Sample 

T, 

Stress (MPa) 

A1 

150 

622 

A2 

175 

648 

A3 

225 

667 

A4 

250 

730 


<D 



H(kOe) 


FIG. 3. Typical magnetostriction vs applied field of a Mn 4 N film. 


(1770 G). This discrepancy should arise from impurity 
phases (e.g., Mn and MnO) embedded in the films. 

By FSM measurement, it was found that films show in¬ 
plane tensile stress, which increases w ih increasing substrate 
temperature, as shown in Table II. Further, by measuring 
with a strain gauge bonded on the film, it was confirmed that 
films deposited on Si(100) at various substrate temperatures 
have negative magnetostriction coefficient X in the film 
plane, as shown in Fig. 3. However, precise magnetostriction 
was not possible by this method. Magnetoelastic anisotropy 
constant Ku can be calculated by the following formula: 6 

Ku = -(3/2)\<t (1) 

since a of the films is positive, the reverse magnetostriction 
makes a positive Ku, that is the perpendicular magne¬ 
toanisotropy. 

Besides, microstructure observation of the films by 
SEM, as shown in Fig. 4, reveals that films are in fact com¬ 
posed of columnar grain structure which gives rise to the 
shape anisotropy that is proportional to the square of satura¬ 
tion magnetization. For the grain shown in Fig. 4, the aspect 
ratio is estimated to be 5.6, giving rise to a shape anisotropy 
constant Ks of, assuming the grain structure is perfect having 
a theoretical saturation magnetization, 

Ks = (Na-Nc)Ms 2 ~ 1.1X 10 5 ergs/cm 3 . (2) 



FIG. 4. A typical SEM micrograph of a Mn 4 N film showing cross-sectional 
view of the Sim structure. 
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The contribution of the shape anisotropy to coercivity 
would be as high as 760 Oe, which is within the reasonable 
increment range as comparing the perpendicular coercivity to 
that parallel. 

IV. CONCLUDING REMARKS 

(1) Ferrimagnetic Mn 4 N films with ordered structure and 
(002) texture can be successfully deposited at low substrate 
temperatures from 150 to 250 °C by using dc magnetron re¬ 
active sputtering from sintered Mn target onto Si(100) sub¬ 
strate without any further annealing. 

(2) Anomalous perpendicular anisotropy exists in these 
films. The coercivity measured perpendicular to the film 
plane (2000 to 3000 Oe) is 1.8-2.3 times that measured 
parallel. The perpendicular magnetoanisotropy is attributed 
to the combined effects of (a) the stress-induced anisotropy 


caused by in-plane tensile stress coupled with a reverse mag¬ 
netostriction, and (b) the shape anisotropy caused by colum¬ 
nar grain structure. 

ACKNOWLEDGMENT 

This work was sponsored by the National Science Coun¬ 
cil of the Republic of China under Grant No. NSC82-0208- 
M007-144. 

1 R. M. Borzorth, Ferromagnetism (IEEE, New York 1993), p. 338. 

2 1. Pop, M. Andrecut, 1. Burda, R. Munteanu, and H. Criveanu, Mater. 
Chem. Phys. 37, 52 (1994). 

3 W. J. Takei, R. R. Heikes, and G. Shirane, Phys. Rev. 125, 1893 (1962) 
4 J. Garcia, J. Bartolome, and D. Gonzalez, J. Chem. Thermodyn. 15, 465 
(1983). 

5 S. Nakagawa and M. Naoe, J. Appl. Phys. 75, 6568 (1994). 

6 M. Langlet and J. C. Joubert, J. Appl. Phys. 64, 780 (1988). 


6584 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Ching et at. 
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Poiycrystalline samples of Eu 2 _ x Ce x Cu0 4 _ )l (0.0«--x=£0.18) were prepared from a sol-gel precursor 
and sintered in air at different temperatures. From the x-ray diffraction results, the beginning of 
Eu 2 _ J Ce A .Cu0 4 _ > , phase formation is observed by increasing the sintering temperature up to 500 °C, 
as indicated by the presence of very broad Bragg reflections belonging to the desired phase. At 
700 °C, Eu 2 _^Ce A .Cu0 4 _ > , coexists with Eu 2 0 3 , Ce0 2 , and CuO. Additional sintering at 950 °C in 
air for 20 h results in single phase materials. The effectiveness of Eu replacement by Ce in the 
Eu 2 Cu0 4 pristine phase has been confirmed by a decrease in the lattice parameter c with increasing 
x. Also, the solubility limit of Ce in these series was found to be higher than x=0.15. The results 
of thermal analysis reveal that the eutectic temperature r e =1020 °C is Ce independent. On the other 
hand, the peritectic temperature T p increases significantly with increasing Ce concentration. It is 
close to r p «1180 °C for Eu 2 Cu0 4 and 7^=1195 °C for Eu 182 Ce 01g CuO 4 _ y . Thermogravimetric 
analysis performed during the heating process in all samples studied revealed a weight loss of 
=1.5% at the peritectic temperature. This weight loss has been attributed to an oxygen removal 
which is partially recovered during the cooling process. 


I. INTRODUCTION 

Since the discovery of electron-doped superconductors 
by Tokura, Uchida, and Takagi 1 many investigations towards 
the new class of Ln 2 __ t Ce ;t Cu0 4 _ > , (Ln=Pr, Nd, Sm, Eu; 
0.0«x^0.20) based materials have been carried out in order 
to better understand the relationship between their crystallo¬ 
graphic structure and physical properties. 2 ' 3 Compounds of 
Ln 2 _^Ce^Cu0 4 _ y crystallize in the so-called T’ (Nd 2 Cu0 4 ) 
structure, but their physical properties strongly depend on the 
host Ln and the substituent Ce or Th. 2,3 In fact, this is mir¬ 
rored in the observed superconducting critical temperature 
T c : it is almost constant =23 K for Ln=Pr, Nd, and Sm, and 
it decreases significantly for Eu (7’ f =13 K). In addition, 
when Ln is replaced by heavier Gd, although the T 1 structure 
is preserved, the material does not reveal superconducting 
properties for x up =0.15. 3,4 Some authors have proposed 
that Gd 2 _ x Ce^.Cu0 4 _ y should show superconductivity for x 
higher than the Ce solubility limit, which is close to 0.15. 
This upper limit should be related to the structural instability 
originated by the growth of the intraplanar stresses. 5 Com¬ 
pounds of Eu 2 _ x Ce^Cu0 4 _ y are on the frontier of this prob¬ 
lem involving crystallographic properties and the appearance 
of superconducting properties. Up to now, few studies have 
been carried out on the crystallographic and physical prop¬ 
erties of Eu 2 _^Ce^Cu0 4 _ y compounds. 2,3,6 

The conventional procedure used to obtain poiycrystal¬ 
line samples of Ln 2 __ t Ce x Cu0 4 „ y compounds utilizes simple 
oxides as starting materials and subsequent heat treatments 
to promote Ce diffusion into the T 1 structure. Usually, these 
heat treatments are carried out at temperatures above the eu¬ 
tectic temperature T e , which involves the presence of a liq¬ 
uid phase. 7 ' 8 On the other hand, it is desirable that sintered 


^Permanent address: Faculdade de Engenharia Quimica de Lorena, CP 16, 
12600 Lorena, SP, Brazil. 


materials should be as homogeneous as possible. This im¬ 
plies samples sintered wChout the presence of a liquid phase, 
provided that an appropriate Ce diffusion also occurs. 
Among several processes available in the literature, the sol- 
gel route allows homogeneous samples and complete Ce dif¬ 
fusion at sintering temperatures well below the eutectic 
temperature. 9 

In this work we focus on the preparation of poiycrystal¬ 
line Eu 2 _,Ce,Cu0 4 _ y ; O.O^xssO.lS, starting from a sol-gel 
precursor. All samples were heat treated in air and at differ¬ 
ent temperatures up to 950 °C. The formation of the desired 
phases were accompanied by x-ray diffraction measurements 
and thermal analysis. We have also determined either the 
eutectic temperature T e or the peritectic temperature T p in all 
samples studied. 

II. EXPERIMENTAL DETAILS 

Powders of Eu 2 _,Ce*Cu0 4 _ y ; x=0.0, 0.05, 0.10, 0.15, 
and 0.18, were prepared as described below. Initially, appro¬ 
priate amounts of high purity Eu 2 0 3 were dissolved in 75 ml 
of water and 10 ml of 65% HN0 3 in a beaker to form =3.5 
g of the desired phase. The solution was heated on a hot plate 
at ~50 °C under magnetic stirring. After the complete disso¬ 
lution of the Eu 2 0 3 , stoichiometric amounts of 
(NH 4 ) 2 Ce(N0 3 ) 6 and Cu(N0 3 ) 2 were slowly added to the 
solution. Ethylene glycol (~40 ml) and 7.6 g of citric acid 
were also dissolved in the mixture. The resultant blue solu¬ 
tion was heated at T~ 100 °C and magnetically stirred to 
evaporate water in order to form a homogeneous mixture. A 
brown N0 2 gas evolution during the heating process was 
frequently observed. Then, the solution was heated until it 
initiates a process of polymerization through a transforma¬ 
tion into a green gel. The product was then transferred to an 
alumina crucible, and subjected to a continuous heating up to 
150 °C. When the product dried, it reacted by spontaneous 
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ignition, transforming into a fine brown powder. This powder 
was heat treated in air in a muffle furnace at temperatures of 
300, 500, 700, and 950 °C for 22 h. 

In order to characterize these powders, x-ray diffraction 
measurements (XRD) and thermal analysis were performed. 
The XRD measurements were taken in a Jena-Zeiss URD-6 
diffractometer with Ni filtered CuXa radiation. All samples 
were measured between 1O°=£20=S7O° with angular scan¬ 
ning of 0.05°. All measurements were made at ambient tem¬ 
perature. Lattice parameters were obtained through the re¬ 
finement of the corrected peak positions utilizing a least- 
square program. 

The XRD reflections belonging to polycrystalline 
samples of Eu 2 _ f Ce*Cu0 4 _ ) „ 0.0=Sx^0.18, were indexed 
according to the symmetry of the tetragonal T' phase, 
namely the 74/mmm space group. 10,11 A computer simulated 
pattern was generated by using the experimentally calculated 
lattice parameters and by replacement of Ln by Eu and Ce on 
the atomic coordinates of the T structure. 10,11 The simulated 
and the experimental patterns were in good agreement, with 
typical deviation ^3% for the intensity of the Bragg reflec¬ 
tions. 

Differential thermal analysis and thermogravimetric 
analysis (TG) were performed in air by using A1 2 0 3 as 
the reference. The temperature T ranged between 
20 “C^TsSWOO °C. Heating and cooling ra.es of 10 °C/min 
have been employed in these measurements. 

III. RESULTS AND DISCUSSIONS 

While the as-dried precursors revealed low crystallinity, 
Fig. 1 displays XRD patterns measured on polycrystalline 
samples of Eu 1 . 8 jCe 0it jCuO 4 _ J , heat treated at several higher 
temperatures: 500 °C (a), 700 °C (b), and 950 °C (c). In Fig. 
1(a), the XRD pattern of the heat-treated powder at 500 °C 
shows very broad reflections which are strong evidence for 
low crystallinity. Some of these broad peaks have been iden¬ 
tified as belonging to CuO and Eu 2 0 3 . All the reflections 
belonging to Ce0 2 are probably overlapped with those of 
Eu 2 0 3 . A few reflections attributed to Eu 2 _ x Ce^Cu0 4 _j, 
phases are also identified. Additional sintering at 700 °C 
[Fig. 1(b)] promoted the crystallization process of the de¬ 
sired phase. However, vestiges of reflections belonging to 
Eu 2 0 3 , CuO, and Ce0 2 were still present. The lattice param¬ 
eters obtained for sintered samples at 700 °C showed that 
they have intermediate values between Eu 2 Cu0 4 and 
Eu[ 85 Ce 015 Cu0 4 _ r suggesting a partial Ce diffusion at this 
temperature. 

Finally, sintering at T=950 o C for 20 h [Fig. 1(c)] 
resulted in almost single phase material for 
Eu 185 Ce 015 CuO 4 _ r A very small unidentified peak at 
~29.0° has been detected in all samples studied and it is the 
object of future work. Similar XRD patterns as those shown 
in Fig. 1 were obtained for other x values, except for x =0.0. 
For this particular concentration and sintered samples at 
500 °C, the XRD patterns showed additional peaks (not 
shown), which were attributed to Ce-free complexes formed 
during the ignition of the mixture. 

By comparing the diffractograms obtained in heat- 
treated samples at 950 °C with different Ce concentrations, 




FIG. 1. XRD patterns of heat-treated polycrystallinc samples of 
Eu,gjCcojsCuO.,-,, at different temperatures: 500°C (a), 700 °C (b), and 
950 °C (c). The desired phase is marked with Miller’s indexes. 

the lattice parameter evolution has been followed. This can 
be made by monitoring the observed shift in the (006) peak 
in samples with different x. It shifts to higher 20 angles with 
increasing x, while the (200) peaks are almost constant since 
the lattice parameter a shows small changes with increasing 
Ce concentration. Another perceptible evidence of Eu re¬ 
placement by Ce is the observed enlargement of the (103)- 
(110) peak separation with increasing Ce concentration. Fol¬ 
lowing this analysis, the lattice parameters a and c have been 
calculated from several reflections and the relevant data are 
shown in Fig. 2. The lattice parameter c decreases with in¬ 
creasing Ce concentration, while the lattice parameter a is 
almost constant for all the range studied. The decrease in the 
lattice parameter c with increasing Ce concentration strongly 
suggests that Ce +4 ions, with an effective ionic radius 0.97 
A, replaces Eu +3 , with an effective ionic radius 1.066 A, in 
these series. The calculated lattice parameters were 
c -11.902(2) A for Eu 2 Cu0 4 and c= 11.834(3) A for 
E u i. 82 Ce 0 igCu0 4 _ > . 
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FIG. 2. Lattice parameters a and c as a function of Ce concentration of 
polycrystallinc samples of Eu 2 . I Ce i Cu0 4 _ y . 


The results of differential thermal analysis performed on 
the aS'grown powders (not shown) revealed a broad endo¬ 
thermic peak in the range of temperatures between 260 and 
530 °C with a prominent maximum at ~400 °C. Such a peak 
has been associated with the desired phase formation. At 
higher temperatures, we also have observed two endothermic 
peaks: one of them close to the temperature 7,.= 1020 °C and 
the other one close to temperature T p = 1190 °C. The first one 
has been attributed to a eutectic temperature T e and the other 
one to the peritectic temperature T p , We have obtained these 
temperatures for all the samples studied and the relevant data 
are shown in Table I. It is worthwhile to mention that a small 
variation A7<5 °C has been found in the determination of 
the eutectic temperature for all samples studied. Similar be¬ 
havior has been not observed at the peritectic temperature 
which increases with increasing Ce concentration. For ex¬ 
ample, it is close to 1178 °C for Eu 2 Cu0 4 and it is close to 
1195 °C for Eu, 82 Ce 0 . 18 CuO 4 _ r Similar behavior in the 
peritectic temperature as a function of Ce content has also 


TABLE I. Eutectic temperature (T f ) and peritectic temperature (T p ) mea¬ 
sured in polycrystalline samples of Eu 2 . I Ce i Cu0 4 _ > , 0.0«jrs0.18. These 
temperatures were obtained from differential thermal analysis measurements 
performed in air. 


X 

T t (°C) 

T p (°C) 

0.0 


1178(5) 

0.05 

1021(3) 

1188(3) 

0.10 

1018(3) 

1190(3) 

0.15 

1023(3) 

1191(3) 

0.18 

1025(3) 

1195(3) 


J. Appl. Phys., Vo!. 76, No. 10,15 November 1994 


been observed by Oka and Unoki 12 in isomorphic series of 
Nd 2 _ i Ce_ t Cu0 4 _ > ,, 0.0^x^0.3. 

The results of TG (not shown) revealed a large weight 
toss, about 25% of the total mass, during the reaction of the 
formation of the phases. This weight loss, which occurs at 
temperatures between 250 °C*ST =S550 °C, is believed to be 
related to the decomposition of the complexes into simple 
oxides as Eu 2 0 3 , Ce0 2 , and CuO. Another weight loss, 
which is of the order of 1.2%, near the peritectic temperature 
7^=1190 °C, has been also observed, during the heating pro¬ 
cess. However, this weight loss was found to be reversible 
during the cooling process. Such a weight loss was then at¬ 
tributed to the oxygen removal from the T structure. This 
point is now being explored. 

From these results and the preliminary discussion made 
above, one can surmise that, in samples prepared through the 
sol-gel process, the Ce diffusion into the T' structure occurs 
even at low temperatures (7=s950 °C). Such a complete dif¬ 
fusion can be explained by invoking features of the precursor 
material as a higher contact surface that improves the diffu¬ 
sion at low sintering temperatures, etc. 

In summary, the formation of polycrystalline 
Eu 2 _ A: Ce y Cu0 4 _ > „ 0.0=5* =50.18, prepared from a sol-gel 
precursor, has been investigated. The desired phase has been 
obtained at sintering temperatures up to 700 °C, but the com¬ 
plete Ce diffusion only occurs at =950 °C. This temperature 
is well below the eutectic temperature of =1020 °C. The Ce 
solubility limit was found to be higher than *=0.15 in these 
series. Thermogravimetric analysis showed a small weight 
loss near the peritectic temperature. This weight loss was 
found to be reversible and it was attributed to an oxygen 
removal from the T' structure. 
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A periodic chain of N magnetostatically coupled uniaxial particles is considered within the 
nearest-neighbor approximation of weak coupling. The time-dependent magnetization of the 
ensemble, which relaxes thermally in constant reversing field, is calculated using a master equation 
approach. It is found that at very small applied fields the net magnetization relaxes via simple 
exponential decay while at large reversing fields its relaxation becomes multiexponential. It is 
conjectured that at large N this effect gives rise to field induced logarithmic decay. 


In a recent work 1 we analyzed the evolution of an array 
of N identical interacting uniaxial particles whose magneti¬ 
zation reverses by thermally activated coherent rotation. 
Such an array has up to distinct metastable configu¬ 

rations and its evolution may then be given by the master 
equation 

.f 

dn i ldt=-'2 J K ik n k , (1) 

jt=i 

where «,• is the probability that the system finds itself in the 
ith configuration and K lk is the matrix of transition probabili¬ 
ties between these configurations. By conservation of prob¬ 
ability S,n,=i and hence X,iC lJk =0 for every k. Zero is thus 
an eigenvalue of K to which there corresponds the stationary 
state of thermal equilibrium. We shall address first the formal 
properties of Eq. (1): If K is independent of time (constant 
applied field // and temperature T) and if it has no degener¬ 
ate eigenvalues then the solution of Eq. (1) assumes the 
simple form n,(t) = I k c k uj i) e~ rt ‘ where u w is the eigen¬ 
vector corresponding to the eigenvalue r k (r t =0 and i/ 11 is 
the thermal equilibrium probability distribution) while the 
integration constants c k are to be determined from initial 
conditions. Let further M s is saturation magne¬ 

tization, be the magnetization of the ith configuration whose 
reduced magnetization is m,. The nonequilibrium magneti¬ 
zation then becomes 

J' 

M(t)=M s 2 w k e~ rk (2) 

*=i 

where the weights w k are defined as w k 
= N~ l c k H) , - 1 m l u ^. Equation (2) may be viewed as an av¬ 
erage, M(t)~M s {e~ r, ) w , over a discrete distribution w nor¬ 
malized by initial conditions, M(0)/M s =l k w k , equilibrium 
magnetization, A/ eq =A/ J w 1 . The time dependence of M(r) is 
determined by the index function vv* and one may encounter 
simple exponential, multiexponential, or logarithmic decay. 
In either case one may write 

.r 

S(t)~-dM(t)/d ln(r// a )=M,2 w k r k te-^‘ (3) 

jt =i 

(t a is an arbitrary time scale). Logarithmic decav 's 
observed 2 if the the sum S(t) maintains its peak value over 


long periods of time. The distribution of relaxation rates 
within the sample is usually attributed to a distribution of 
activation volumes or nucleation fields 2,3 but Eq. (1) shows 
that a similar effects may occur also due to the presence of 
interparticle coupling. This conclusion has been reached pre¬ 
viously, within a mean field theory, by Lottis et a/. 4 

The determination of the matrix K poses a major prob¬ 
lem. We have analyzed 1,5 the case of two magnetostatically 
coupled particles described recently by Chen et al. b The easy 
axes of the two particles are aligned with applied field and 
their bond angle /3=0 or tt/2. To the first order of small 
coupling strength p (defined below) the magnetization rever¬ 
sal of the particle pair takes place 1,6 by single particle switch¬ 
ing events during which one particle remains frozen at the 
metastable minimum while the other particle reverses in 
magnetostatic field. At larger p both particles deviate initially 
from the metastable minimum, but only one of them over¬ 
comes the energy barrier while the other returns back 6 and at 
even larger p both particles reverse simultaneously. 6 

We consider here a chain of N identical uniaxial par¬ 
ticles with individual energies E,=KV{sm 2 0,-2h cos 0) 
where K is the anisotropy constant, V is the activation vol¬ 
ume, and 6, is the angle spanned by the apphnd field H=//k 
and the magnetization of the ith particle. The reduced field 
h=H/H n , H n =2KIM s . Following Chen et al. 6 we write 
£ in ,=2KV'p[a' ( a ; -3(r-a l )(r-a,)] for the interaction energy 
of two particles at a distance R from each other, 
p=M 2 s V/{2KR 3 ) is the coupling constant, a , is a unit vector 
in the direction of the magnetization of the ith particle, and 
r=sin /ft +cos /3j, /3=0 or tt/2. We assume here the weak 


<(£> 

•=t,o=i 2 k 3 ,V\ 



FIG. 1. A schematic representation of the transition matrix K for N=4 
particles,. < =6, with periodic boundary conditions. Labeled arrows repre¬ 
sent transitions between individual configurations and their respective rates. 
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FIG. 2. The weights w k for N= 8 at selected values of reversing applied 
field h. The system was initially saturated and 2 k w k -l. Coupling strength 
p=0.03 for f3=ir/2 and p=0.05 for >3=0. The scaling factor el^, 0 = 1.5 and 
Ap‘nn = '■ r i =r i(P’h) is the smallest nonzero eigenvalue of K. 


coupling limit of single particle reversals, periodic boundary 
conditions, and nearest-neighbor interactions. There exist 1 
then only six independent relaxation rates 

m-*UT-*m» (4) 

ITT-UT-m, (5) 

( 6 ) 

where k 2 . +1 = / 0 exp[ - q{ 1 + h% 2 ] and k 2i+2 
= /o exp[ - q( 1 - h% 2 ], hf^=h + e(0), h[ l n =h, and 
with e(0)=4p and e(-!T/2)=-2p. For the pre¬ 
factor we take the value 7 / 0 =e 25 Hz and we set 
q=KVIk B T=25 throughout. All possible metastable con¬ 
figurations of four particles („/ =6) are schematically shown 



FIG. 3. The derivative S(t) plotted vs the scaled time tr 2 , r 2 = r 2 (pji) 
N=S, >3= 7t/ 2 (top), and /3=0 (bottom). Applied field /i=0 (solid lines) and 
h=0.05 (dashed lines). Coupling strength p=0 (no marks), p=0.01 (*), 
p=0.03 (O), and p=0.06 (*) if >3= tt/ 2; p=0.05 (*), p=0.1 (O), and 
p=0.15 (*) if 13=0. 

in Fig. 1. Here /l u =4ic 1 , K x2 =-K k , K 21 = -4k x , 
K 22 =k 2 +2k 3 +Ki, etc. For large N we use a separate pro¬ 
gram which classifies all configurations and writes down the 
fortran code for K=K(k,) which is sparse and the 
initial value problem (1) is fairly easily solved 8 even for 
large N. 

The associated eigenvalue problem is numerically much 
more demanding since K is not symmetric and its eigenval¬ 
ues are not necessarily real though Re r k ^0 by construction. 
In order to gain some insight into the problem we shall re¬ 
strict ourselves here to a small number of particles, N^8, 
^V'^21, where the eigenvalue problem is easily solvable. In 
all cases M(0)=M s and ni(0)=l (see Fig. 1). Then all ei¬ 
genvalues are real 9 and for N=8 we show the weights w k in 
Fig. 2 and the corresponding functions S(t) in Fig. 3. The 
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two bond angles share a common feature: At very small h 
only a single eigenstate is excited and one observes simpie 
exponential decay regardless of the coupling strength and the 
h= 0 curves are thus almost identical. The exception is the 
/3=7 t/2 , p=0.06 curve and we ascribe its irregular behavior 
to a breakdown of the weak coupling limit. With growing h 
ever higher eigenstates are excited so that the system, whu.li 
at zero field exhibited simple exponential decay, relaxes mul- 
tiexponentially. The two graphs of Fig. 2 are unlike in their 
aaracter: At zero bond angle the weights are highly oscilla¬ 
tory (also note the scale) while at tt/2 they resemble, in 
particular at higher fields, a smooth distribution. This leads 
us to conjecture that at very large N and sufficiently large 
reversing fields the weights w k may assume the aspect of a 
real distribution function and give rise to a field-induced 
magnetic viscosity which vanishes if the applied field is re¬ 
moved. 

The finding that the number of open relaxation channels 
depends, in interacting systems, on the magnitude of applied 


field is the main result of this work which was sponsored by 
the National Science Council of ROC under Grant No. NSC- 
82-0208-M002-35. 
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Influence of size and mac 5 netocrystalline anisotropy on spin canting 
anomaly in fine ferrimagnetic particles 

D. H. Han, J. P. Wang, Y. B. Feng, and H. L. Luo 

State Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China 

Fine equiaxed y-Co x Fe 2 _ j: Oj (x=0, 0.06) particles with a diameter ranging from 200 to 1000 A 
were prepared by chemical precipitation. The average crystallite sizes were determined from x-ray 
line broadening measurements. The saturation magnetization and magnetocrystalline anisotropy of 
the particles were determined by using the approach to saturation. An empirical linear dependence 
of the specific saturation magnetization <r s on the specific surface area S a of the fine crystallites was 
obtained in the torm of <r s (S) = <r s (°=)(l -AS a ). The slope A which reflects the surface spin canting 
anomaly is different for y-Fe 2 0 3 and y-Co 0 06 Fej 94 O 3 particles. Under the supposition of the fine 
crystallite consisting of two parts, i.e., the surface layer, whose magnetic moment cannot be turned 
entirely along the direction of the applied field, but makes an average canting angle with the field, 
and the inner part, v hose magnetic moment can be aligned along the direction of the applied field, 
the above formula cm be interpreted well. The different slope A for y-Fe 2 0 3 and ■y-Co 0 06 Fe 194 O 3 
particles may be caused by the different anisotropies of the two series particles. 


I. INTRODUCTION 

More recently the spin canting anomaly and its origin in 
fine ferrimagnetic particles have experienced a renaissance 
of fresh research activities. 1,2 The surface spin canting 
anomaly in fine ferrimagnetic particles was demonstrated 
more than two decades ago, 3 and it was found that the 
smaller the particles, the larger the reduction of the saturation 
magnetization. 4 However, the results of the specific satura¬ 
tion magnetization decreasing with the reduction of the par¬ 
ticles or crystallites size have not been explained yet. The 
origin of this phenomenon is still a matter of dispute. 2 ' 5 As 
Co-y-Fe 2 0 3 particles or crystallites have become the funda¬ 
mental structural units of very high den sity magnetic record¬ 
ing media, it is necessary to study the dependence of the 
specific saturation magnetization {erf) on the specific surface 
area (S„) of the fine crystallites in detail. 

In this article, the relationship between a s and S a of the 
crystallites of equiaxed y-Co_ c Fe 2 _^0 3 (*=0,0.06) particles 
with various sizes are studied. An empirical formula of 
o- $ (S) = o-j(<»)(1 -A5 a ) was obtained. The results are well 
explained with the assumption of the surface spin canting. 
The different slope A may be caused by the different 
anisotropies of the two series particles. 

II. EXPERIMENT 

The equiaxed y-Co Jt Fe 2 _ x 0 3 (*=0,0.06) particles with 
the diameter from 200 to 1000 A were prepared by chemical 
precipitation. The samples with *=0 are denoted, in the fol¬ 
lowing, as series F, and the ones with *=0.06 as series C, 
respectively. The crystal structure of the particles was deter¬ 
mined by using a SRA M18XHF x-ray diffractometer. The 
average crystallite sizes were determined from x-ray diffrac¬ 
tion line broadening measurements by using the Scherrer 
formula. 6 The morphology of the particles was determined 
by using a Hitachi H-700 transmission electron microscope. 
The magnetic properties and magnetocrystalline anisotropy 
of the particles were measured at 295 and 79 K by using a 
LDJ vibrating sample magnetometer with a maximum field 


of 20 kOe. The saturation magnetization of the particles was 
obtained by a 1 IH extrapolation to infinite field. 

It). RESULTS AND DISCUSSION 

All the particles were determined with the structure of 
y-Fe 2 0 3 with a crystalline lattice parameter a 0 =8.35 A, and 
no other phase was found. 7 The particles are equiaxed with a 
small size distribution. The dependence of cr on 1 IH for se¬ 
ries C, measured at 295 and 79 K are shown in Figs, lla) and 
1 (b), from which a s can be obtained by extrapolation to 
infinite field. As the result, the average crystallite size D, S a 
under the assumption of cubic crystallites, as well as a s are 
listed in Table I. The dept, vdence of a s on S a of series C and 
F at 295 and 79 K are shown in Figs. 2(a) and 2(b), respec¬ 
tively. It can be seen clearly that for the two series cr s de¬ 
creases linearly with the increasing S a at both 295 and 79 K. 
These results are very similar to that of Mollard et al. 4 and 



FIG. 1. The dependence of cr on 1 IH of series F at (a) 295 and (b) 79 K. 
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TABLE I. The measured D, S a , and <7, at 295 and 79 K of series F and C 


Sample 

D (A) 

S„ (m 2 /g) 

a, (emu/g) 

79 K 295 K 

F-A 

431 

28.4 

71.3 

66.0 

F-B 

305 

40.2 

70.1 

63.5 

F-C 

151 

81.1 

67.4 

58.9 

F-D 

119 

103.3 

66.2 

57.6 

F-E 

103 

119.1 

62.7 

53.8 

C-A 

768 

15.9 

84.2 

71.8 

C-B 

231 

53.1 

78.8 

65.3 

C-C 

159 

76.8 

75.4 

60.5 

C-D, 

106 

115.3 

72.5 

55.6 

c-d 2 

91 

134.3 

65.2 

49.2 


also to that of the estimated data from Berkowitz et al. 9 
These dependencies can be expressed as the following em¬ 
pirical linear formula: 

^(5 a ) = tr 1 (co)(l-AS fl ), (1) 

where a s (S a ) is the specific saturation magnetization of the 
particles composed of the crystallites with an average diam¬ 
eter D, a s («>) the specific saturation magnetization when S a 
approaches zero, and A the slope of the straight line. The 
values of and [cr s (oo)A] by linear regression of cr s (S a ) 
vs S a for series F and C are listed in Table II. 

Various assumptions have been proposed to explain the 
decrease of the saturation magnetization with the decrease of 
particles and/or crystallites size. Some of them are, (1) the 
magnetization is actually reduced by adsorbed water and a 
noncollinear spin arrangement; 3 (2) the nonmagnetic grain 
boundary may instead be a magnetic boundary in which the 
spin suffers considerable canting, and at 4.2 K the random- 
angle assumption is equivalent to an average canting angle of 


| 65 
2 55 
45 


r-Co 0 oe^ei 9«Oj 

■ 

(a) 

... i i i _ i _ t _L t- 




FIG. 2. The dependencies of or, on S a of series F and C measured at (a) 295 
and (b) 79 K. 


TABLE II. The values of o- s (») and [ff,(oo)A] by linear regression of <7,(S a ) 
vs S„ for series F and C at 295 and 79 K. 



<G(“ 

>) (emu/g) 

W* 

’)A] (emu/m 2 ) 

Sample 

295 K 

79 K 

295 K 

79 K 

F 

69.1 

73.8 

-0.12 

-0.08 

C 

73.9 

86.1 

-017 

-0.14 


54.5°, 8 which is consistent with the results of Coey era/.; 3 

(3) the crystallites in acicular y-Fe 2 0 3 particles are separated 
by a nonmagnetic grain boundary on the order of 6 A wide; 9 

(4) in small particles below the superparamagnetic blocking 
temperature, the magnetization direction fluctuates around :.n 
average minimum corresponding to an easy direction of 
magnetization with average angle (cos 6) r . I0 

In order to analyze the effects of the fluctuation on the 
magnetization reduction of the particles, the coercivities, 
measured at 79 K, of samples F-D (242 Oe) and C-D 2 
(2737 Oe) were first taken into Eq. (2) 10 



1 - 


25* fi 7V /2 ' 
~KV~) )’ 


( 2 ) 


to calculate the effective anisotropy constant K, and then 
estimate (cos 0 ) T , respectively. The results are listed in Table 
III. From the large differences between the calculated 
(cos ff) T C values and the measured ones (cos 0) TM [mea¬ 
sured from the curves of 79 K for samples F-D and C-D 2 in 
Fig. 2(b) and Table II, respectively], one knows that the mag¬ 
netization reduction with the increasing S a cannot be ex¬ 
plained by the magnetization thermal fluctuation. 

We assume that the fine crystallite consists of two parts. 
The first part is the noncollinear surface layer with a thick¬ 
ness t, whose magnetic moment cannot be turned entirely 
along the direction of the applied magnetic field, but makes 
an average canting angle a with respect to the field direction. 
The second one is the inner part, whose magnetic moment 
can be aligned along the direction of the applied magnetic 
field. Under this circumstance the measured a s of the 
samples is actually contributed by the effective magnetic vol¬ 
ume V e(f , not by the geometric volume V 0 , i.e., 


VoP 


V 0 M S 

= ^(S a ), ~y^ = (T s( w )< 


(3) 


where p is the density of the corresponding materials and in 
this article it is taken as 4.9 g/cm 3 for both y-Fe 2 0 3 and 
T-Coo.osFe, 94 0 3 particles. 

According to this model and neglecting the small values 
of higher powers of t, the relationship between cr s and S a can 
be deduced as 


TABLE III. The measured H c , V, (cos , and the calculated K, 
(cos 8) r c of samples F-D and C-D, at 79 K. 


Sample 

H c m 

V(cm 3 ) 

A'(erg/cm 3 ) 

(cos ff) T , c 

(cos 0) TM 

F-D 

242 

8.8X10’ 19 

3.1 X 10 s 

0.98 

0.85 

C-D, 

2737 

3.9X10" 19 

1.4X10 6 

0.99 

0.76 
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TABLE IV. The measured A, assumed a and calculated r of series F and C. 


Sample 

T (K) 

A (m~ 2 g) 

<Kdeg) 

1(A) 

F 

79 

1.14X10” 3 

54.7 

6 

F 

295 

1.77X10' 3 

54 7 

8 

C 

79 

1.62X10* 3 

54.7 

8 

C 

295 

2.34X10' 3 

54.7 

11 

rFeA' 

4.2 


54.5’ 

4-7’ 

rFe 2 0 3 d 

4.2 

2.63X10 -3 b 

54.7 

13 b 

rFe 2 0 3 ' 

293 

1.26X10" 3 

54.7 

6 


’Measured from Mossbauer effect. 

b Measured from the relation of <r s vs the average particles’ size. 
'Reference 8. 

'Reference 4. 

'Reference 9. 


_ = _ = l_(l-cos a)ptS a . (4) 

Comparing Eq. (4) to Eq. (1), one knows that the measured 
linear dependence of cr s (S a ) on S a has the same form to that 
of the deduced one with an equation of 

A = (l-cos a)pt. (5) 

Therefore according to the measured A in Eq. (1) and the 
assumed a in Eq. (5) one can calculate the thickness t of the 
noncollinear surface layer. 

It is worthy to point out that in Figs. 2(a) and 2(b) there 
are obvious differences in slope A between series F and C at 
the same temperature and between 295 and 79 K for one 
series. At a certain temperature, as shown in Figs. 2(a) and 
2(b), ■y-Co 006 Fe 194 0 3 particles show a larger slope than that 
of y-Fe 2 0 3 particles. And for a certain series the slope is 
larger at 79 K than that at 295 K. According to Eq. (5) the 
slope of the straight line is affected by two independent fac¬ 
tors a and t. If one factor is measured or assumed, then the 
other one can be calculated from Eq. (5). Morrish et al. s 
have assumed that for y-Fe 2 0 3 particles a is 54.5°. If assum¬ 
ing a for both y-Fe 2 0 3 and y-Co 006 Fe t 94 0 3 particles and at 
both 79 and 295 K to be 54.7°, then we can obtain the thick¬ 
ness t of the noncollinear surface layer. 

The measured A, assumed a and calculated t for series F 
and C are listed in Table IV. As a reference, the results of 
Morrish et al., 6 Mollard et al., 4 as well as Berkowitz et al. 9 
are also listed in Table IV. From this table one knows that the 
measured relationship between v s (S a ) and S a can be ex¬ 


plained with the simple model of the fine crystallite being 
consisted of the spin collinear core and the spin canted sur¬ 
face layer. Under the assumption of the same a, 
y-Co 006 Fe )94 O 3 crystallites show a larger t, 8 and 11 A at 
295 and 79 K, respectively, than those of y-Fe 2 0 3 crystal¬ 
lites, 6 and 8 A at the above two temperatures. The different 
slopes of ihe different straight lines for series F and C may 
be caused by the different effective anisotropies of the two 
series particles. The magnetocrystalline anisotropy constants 
K x were determined by using the approach to saturation at 
295 K to be 2.2X10 5 ergs/cm 3 for series C and 4.4X10 4 
ergs/cm 3 for series F, respectively. The larger thickness t of 
the surface spin canting layer for series C, comparing to that 
of series F, may be caused by the larger effective magneto¬ 
crystalline anisotropy of the particles. 

IV. CONCLUSION 

The specific saturation magnetizations of both y-Fe 2 0 3 
and y-Co 006 Fe, 94 0 3 particles decrease linearly with the in¬ 
creasing specific surface area of the fine crystallites. The 
results can be explained with the model of the spin canted 
surface layer. The fine crystallites consist of two parts, i.e., 
the surface layer, whose magnetic moment cannot be turned 
entirely along the direction of the applied field, but make an 
average canting angle with the field, and the inner part, 
whose magnetic moment can be aligned along the direction 
of the applied field. With this assumption, the empirical lin¬ 
ear formula of cr s and S a can be inteipreted. The different 
thickness t of the surface spin canting layer between series F 
and C may be caused by the different effective anisotropies 
of the two series particles. 

ACKNOWLEDGMENT 

This work was supported by the National Science Foun¬ 
dation of China. 

1 F. T. Parker and A. E. Berkowitz, Phys. Rev. B 44, 7437 (1991). 

2 Q. A. Pankhurst and R. J. Pollard, Phys. Rev. Lett. 67, 248 (1991). 

3 J. M. D. Coey and D. Khalafalla, Phys. Status Solidi A 11, 229 (1972). 
4 P. Mollard, P. Germi, and A. Roussct, Physica B 86-88 1393 (1977). 

5 S. Linderoth et at., J. Appl. Phys. 75, 6583 (1994). 

6 B. E. Warren, X-Ray Diffraction (Addison-Wcsley, Reading, MA, 1980), 
p. 253. 

7 D. H. Han, J. W. Ping, and H. L. Luo, J. Magn. Magn. Mater, (in press). 
8 A. H. Morrish and K. Haneda, J. Phys. 41, Cl-171 (1980). 

9 A. E. Berkowitz, W. J. Schuele, and P. J. Flanders, J. Appl Phys. 39,1261 
(1968). 

10 S. M6Rup, H. TopsdE, and J. Lipka, J. Phys. 37, C6-287 (1976). 


J. Appl. Phyt 


Vol. 76, No. 10,15 November 1994 


Han et al. 


6593 




Magnetic properties of nanometer-sized Fe 4 N compound (abstract) 

Y. B. Feng 

State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, 

Beijing 100 080, China 

Nanometer-sized magnetic materials have attracted a lot of attention because of their potential 
applications in the fields of ferrofluids, high density magnetic recording, and magnetic refrigeration. 
The sol-gel method 1 has been considered to be effective for creating dispersions of small metal 
particles in nonmetallic materials. In this work, nanometer-sized Fe-N compound particles were 
prepared by nitrogenating the iron-boron oxide glass powders, which were synthesized by the 
sol-gel method from ethylene glycol gel. The magnetic properties of nanometer-sized iron nitride 
were measured by a vibrating sample magnetometer (VSM). The specific magnetic moment a is 
equal to 132 emu/g and the coercivity H c is 150 Oe. The phase composition was determined by 
using an x-ray diffractometer (XRD). The diffraction pattern shows that the sample consisted of a 
main phase of Fe 4 N and a small a-Fe phase. The crystallite size d of the Fe 4 N particles was 
estimated by Scherrer’s formula, and is about 12 nm. The nanometer-sized Fe-N compound was also 
studied by using Mossbauer spectroscopy. The Mossbauer absorption pattern consisted of a 
ferromagnetic component superimposed on a superparamagnetic doublet. The ratio of 
superparamagnetic fraction to ferromagnetic is about 13%. It is shown that the sol-gel technique 
could be used to prepare ultrafine particles of Fe-N compound. 


‘K. Yamaguchi et al„ IEEE Trans. Magn. MAG-25, 3321 (1989). 
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Giant Magnetoresistance 
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Theory of the negative magnetoresistance of ferromagnetic-normai 
metallic multilayers (invited) 

L. M. Falicov and Randolph Q. Hood 

Department of Physics, University of California, Berkeley, California 94720-7300 and Materials Sciences 
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720 

Transport properties for a system consisting of a ferromagnetic-normal metallic multilayer are 
theoretically examined. The in-plane conductance of the film is calculated for two configurations; 
the ferromagnetic layers aligned (i) parallel and (ii) antiparallel to each other. The results explain the 
giant negative magnetoresistance encountered in these systems when an initial antiparallel 
arrangement is changed into a parallel configuration by application of an external magnetic field. 
The calculation depends on (a) geometric parameters (the thicknesses of the layers); (b) intrinsic 
metal parameters (number of conduction electrons, magnetization and effective masses in the 
layers); (c) bulk sample properties (conductivity relaxation times); and (d) interface scattering 
properties (diffuse scattering versus potential scattering at the interfaces). It is found that a large 
negative magnetoresistance requires, in general, considerable asymmetry in the interface scattering 
for the two spin orientations. All qualitative features of the experiments are reproduced. Quantitative 
agreement can be achieved with sensible values of the parameters. The effect can be conceptually 
explained based on considerations of phase-space availability for an electron of a given spin 
orientation as it travels through the multilayer sample in the various configurations. 


I. INTRODUCTION 

Ferromagnetic-normal metallic superlattices and 
sandwiches 1,2 display several interesting properties, such as a 
varying interlayer magnetic coupling 3 and a negative, some¬ 
times very large magnetoresistance (MR) effect. 4 " 15 A few 
examples include (Co/Cu)„, (Fe/Cr)„, (Fe/Cu)„, (Co/Ru)„, 
(NiFe/Cu/NiFe), and (NiFc/Ag/NiFe). In these systems the 
magnetic moment of each ferromagnetic layer is arranged 
with respect to that of the neighboring ferromagnetic layers 
either in a parallel or an antiparallel fashion, depending on 
the thickness of the metal spacers and on the quality of the 
interfaces. 

When the consecutive moments are arranged antiparallel 
to each other, the application of an external magnetic field to 
the sample tearranges the moments into a completely parallel 
arrangement for fields of the order of 1T. Also, the resistance 
of the sample decreases—negative MR—in all directions (in¬ 
plane in particular). The MR can vary from a few percent to 
as large as 55% (for Co/Cu at liquid-helium temperatures). 13 
A decrease by more than 20% is generally known as the 
giant magnetoresistance effect (GMR). 

Spin-dependent interfacial scattering plays an important 
role in the MR in many different ferromagnetic-normal me¬ 
tallic multilayers. Experiments by Fullerton et al . 16 indicate 
that increased interfacial roughness enhances the GMR in 
(Fe/Cr)„. Parkin 17 found that the addition of thin Co layers at 
the interfaces of (NiFc/Cu)„ enhanced the MR. The MR in¬ 
creased monotonically as the Co layer increased to 4 A, then 
become insensitive to the thickness of the Co layer with a 
MR similar to that of (Co/Cu)„ despite the presence of the 
NiFe layers sandwiched between thin Co layers. Baumgart 
era/. 18 have found that ultrathin layers of elements (V, Mn, 


Ge, Ir, or Al) deposited at the Fe/Cr interface lead to changes 
in the MR which correlate with the ratio of spin-up and spin- 
down resistivities arising from spin-dependent impurity scat¬ 
tering of these elements when alloyed with Fe. This result is 
in agreement with the suggestion of Baibich et al. 4 that the 
spin dependence of impurity scattering at the interfaces is 
related to that observed 19 in alloyed ferromagnetic metals 
such as Fe, Co, and Ni. 

Further confirmation of the importance of the interface 
in the MR effect was provided by Barthelemy et al. 20 who 
point out that the experimental data they obtained for epitaxi¬ 
ally grown Fe(001)/Cr(001) multilayers seem to be in agree¬ 
ment with a variation of the MR of the form 

exp(-fcr/X.*), 

where t C{ is the thickness of Cr layer and X* is a length of 
the order of the mean-free path. Such a variation of the MR 
with layer thickness is expected from spin-dependent inter¬ 
face scattering. 

It is important to distinguish clearly between the con¬ 
cepts of spin-flip scattering and spin-dependent scattering. 
The first refers to an event in which, during scattering, an 
electron reverses its spin orientation; such a phenomenon is 
normally caused by spin-orbit effects and/or by scattering 
from impurities with a localized magnetic moment. Spin-flip 
scattering is neglected in this contribution. The second one 
refers to the fact that electrons with different spin orienta¬ 
tions experience different potentials and have different 
phase-space distributions. Consequently, they have very dif¬ 
ferent scattering cross sections both in the bulk and at the 
interfaces. The latter is extremely relevant for the purposes 
of this study. 
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The aim of this contribution is to present a model that 
incorporates spin-dependent interfacial scattering in a more 
realistic way. While the model presented here is similar in 
many respects to that >f Camley and Bamas 21,22 it does not 
suffer from the shortcomings encountered there in the de¬ 
scription of interfacial scattering. Utilization of a more accu¬ 
rate description of the interface permits a study and separa¬ 
tion of the various scattering mechanisms and their relevance 
in the MR effect. 

The present model, an extension of the Fuchs- 
Sondheimer theory, 23,24 uses a Stoner description 25 of the 
itinerant ferromagnetic layers; it introduces different poten¬ 
tials for majority and minority spins. Band-structure and 
electron-density effects are included only by means of a con¬ 
stant, metal- and spin-dependent potential, and an isotropic 
effective mass for each spin in each layer. The different po¬ 
tentials in neighboring layers result in coherent potential 
scattering (i.e., refraction) of electrons as they traverse the 
interface. The angular-dependent effects are treated by a 
quantum-mechanical matching of the electron wave func¬ 
tions at the interfaces. Scattering at the interfaces from im¬ 
purities and interfacial roughness are also a source of spin- 
dependent scattering, and they contribute to the present 
model through a spin-dependent function, in a way similar to 
that used by Camley and Bamas. 

The model predicts the dependence of the MR on the 
quality of the samples (mean-free path), on the quality 
(roughness) of the interfaces, and on the thickness of the 
layers. 

II. THE MODEL 

The in-plane conductivity was calculated for a 
multilayer consisting of alternating layers of a ferromagnet 
( F ) of thickness d F , and a spacer layer of thickness d s . The 
coordinate system is chosen with the z axis perpendicular to 
the layers. There is complete isotropy in the (x,y) plane. 

For each structure the conductivity was calculated for 
both an antiparallel alignment, denoted of |, and for a paral¬ 
lel alignment, denoted crtt. of the moments of successive F 
layers. The structure repeats itself after four layers (• • 7 F]/ 
s/Fl/s/---) in the antiparallel arrangement. In the parallel 
arrangement the period consists of two layers (.../FVs/...). 
Application of a sufficiently large magnetic field to a sample 
in the antiparallel arrangement results in a parallel alignment 
of the magretic moments. The magnetoresistance (Ap/p), is 
defined by 

Ap_ />U-ptt _ q-TT-q-H 

P ~ Pti o-tt ’ (1) 

where p lt , v -(o‘ lul )~ i . Note that this quantity varies between 
zero and one (or 0% and 100%) whenever the resistance 
decreases upon the application of an external magnetic field. 

For both alignments the conductivity is obtained by add¬ 
ing the contributions of the spin-up and the spin-down elec¬ 
trons, calculated separately. This is the two-current model, 19 
which provides a good description of electron transport in 
magnetic 3d metals. As mentioned above spin-flip processes, 
which mix the two currents, are neglected. Their effect is 
know to be small at low temperatures. 


The electrons involved in transport are considered as 
free-electron-like with spherical Fermi surfaces. Within each 
layer the electrons move in a constant potential V ia which 
depends on the particular layer i and the spin a of the elec¬ 
tron. 

The electron distribution function is written in the form 
/,<r(v,z) =/t(v) +g itT (v,z), (2) 


for each layer i and for each spin cr, which is independent of 
x and y by symmetry. The first term /f„(v) is the equilibrium 
distribution in the absence of an electric field and g,<,(v,z) is 
the deviation from that equilibrium in the presence of the 
electric field. For an electric field of magnitude E in the x 
direction, the Boltzmann equation in the relaxation-time ap¬ 
proximation reduces to 

dguy t S«t _ \f\E df ia 
dz T io v z m ia v z dv x ’ 


where r Jcr is the relaxation time in layer i for spin a, and e is 
the charge of the electron. The second-order term, propor¬ 
tional to the product ( E-g ia ), has been discarded since non¬ 
linear effects (deviations from Ohm’s law) are neglected. The 
Lorentz-force term, proportional to (vxH/e), has also been 
dropped from the Boltzmann equation since it gives an effect 
which is orders of magnitude smaller than those considered 
here. 21 

Because of the nature of the boundary conditions it is 
useful to divide g, a into two parts: gt„(y^) if v z ^0 and 
£,>(v,z) if d 2 <0. The boundary conditions for the potential 
(nondiffusive) scattering at the (i,j) interface then take the 
form 


8ia $ij-i-vR^gi a + S ]i. r (Z Tj tia gj a , 

8j<r~ ^jr,o8]<r^~ $ijmgTij. a g l(T . 


(4) 


Here S, y .* ;<r , which varies between zero and one, is a factor 
that indicates the degree of potential scattering at the inter¬ 
face (/,/) for an electron of spin a arriving at the interface 
from the layer i and being scattered into the layer k. The 
scattering is completely diffusive when S=0 and follows the 
reflection-refraction laws when all 5=1. The notation used 
for the transmission T and the reflection R coefficients is the 
following: T iya = probability for an electron of spin a in 
layer i to be transmitted (refracted) into layer j; R iliir = prob¬ 
ability for an electron of spin cr in layer i with a velocity 
directed towards layer j to be reflected back into layer i. The 
equations and boundary conditions, as written, satisfy all 
necessary conservation laws. 

The functional dependence of the transmission and re¬ 
flection coefficients was determined 26 by matching the free- 
electron-like (plane-wave) functions and their derivatives at 
each interface. The solution to this problem, which is identi¬ 
cal to that encountered in optics for an interface between two 
media with different index of refraction, is illustrated in 
Fig. 1. 

The current density along the electric field in each layer 
i for electrons with spin cr is given by 





v x g,„(\,z)d\ 


(5) 
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FIG. 1. Schematic diagram of the scattering process at the metal-metal 
interface. The parameter S „ defines the fraction controlled by the potentials; 
SJi is the probability of specular scattering; S a T is the probability of trans¬ 
mission (refraction) into the other metal. 

where h is Planck’s constant. The conductivity of the 
multilayer is obtained by averaging over the whole film 

' c j 2 I Jxiir{z)dz. 

, „ =hl J 

The MR, (A p/p), is found by calculating independently 
the conductivities <rTj and a]]. Many parameters are neces¬ 
sary to characterize a structure. Associated with the electrons 
in the F layers are the minority (denoted using a small sub¬ 
script m) and the majority (denoted using a capital subscript 
M) spins with effective masses m m and m M , relaxation times 
r m and t m , and potentials V m and V M - In the spacer layer s 
the spin-up and spin-down electrons move in a potential V s 
with an effective mass m s and relaxation time t s . At the 
interfaces, the functions S, yk . a , which vary with angle of 
incidence, describe the interfacial scattering of the majority 
and the minority spins. 

The values of the potentials are determined by treating 
all of the valence s and d electrons as being in a single 
free-electron-like b»nd with an isotropic effective mass. In 
general the effective mass is taken to be larger than the elec¬ 
tron mass, since the d electrons, which contribute to the den¬ 
sity of electrons, are in narrower bands than the free- 
electron-like s electrons. Within the F layers the bands for 
the minority and the majority spins are shifted by a 
k-independent exchange potential, yielding two different 
spin-dependent, constant potentials, V m and V M . The value 
of the exchange splitting is chosen so tha; the difference in 
the density of the majority and the minority electrons yields 
the net magnetic moment of the bulk ferromagnetic material. 

III. RESULTS 

As developed thus far, the theory includes 11 parameters 
and eight angular functions: 

three effective masses m M , m m , and m s ; 

three constant potentials V M , V m , and V s ; 

three relaxation times t m , r m , and r s ; 

two thicknesses d F , and d r ; 
and 

eight interface scattering functions S FyF . M , s f m , 

Sf,s,s,M > Sp,s,s,m > $$,F;s,M ’ $s,r,s,m ■ ^s,F;F,M > S s ,F,F,m ■ 

The results presented here include only the cases for 
which the relaxation times are identical r= r m = r w = r 5 . 
(Note that the mean-free paths of the minority and the ma¬ 


jority spins within the F layers and for the spacer metal are 
different, since the Fermi velocities are different.) The inter¬ 
faces are treated in two different ways. In the first approach 
the angular dependence of the functions is neglected 
and the eight functions are replaced by two constants 

Sf,s,F,M = Sf,s,s-,M = Ss,F-,s\M := Ss,F;F,M = Sm , 

Sp,s;F;m ~ $F,s;s;m ~ $s,F,s,m ~ $s,F;F;m ~ $m ■ 

In this approach the system is defined by 11 constants. 

In the second approach the different angular depen¬ 
dences in various S,j. k . a are explicitly included. 

Results are presented for two different multilayer sys¬ 
tems, (Fe/Cr)„ and (Fe/Cu)„. In these three metals the iso¬ 
tropic effective mass is assumed to be independent of the 
material and spin orientation with a value 
m M =m m =m s = 4.OX free-electron mass. With this effective 
mass the potentials, with respect to the Fermi energy E v 
chosen to be at E F =0, are 

V w =-8.23 eV, V m = -5.73 eV for Fe; 

V S =-5J1 eV for Cr; 

F s = -8.54 eV for Cu. 

The parameters that remain to be specified for each 
case—(Fe/Cr)„ and (Fe/Cu)„—in the constant-S approxima¬ 
tion are altogether five: (a) one relaxation time r, which de¬ 
pends on bulk sample properties; (b) two geometric param¬ 
eters d F and d ,; and (c) two interface scattering parameters 
S M , S m (diffuse scattering versus potential scattering at the 
interfaces for the majority and the minority spins, respec¬ 
tively). 

Even with these simplifications, the phenomena under 
consideration are complicated functions of the five variables, 
and the task of describing these dependencies is not simple. 
In general terms, and with exceptions, it is found that (Ap/p) 
is a strong function of the interface parameters S M and S m , 
and a relatively weak function of the thicknesses and 
the mean-free path. For example, as S M and S m indepen¬ 
dently vary between 0 and 1, the calculated (Ap/p) varies 
between 0% and 92.7% (Fe/Cr)„ and 0% and 94.4% for 
(Fe/Cu)„, when values of d F = 20.0 A; <4=10.0 A and 
r=5.0xl0“ 13 s are chosen. Figure 2 shows the regions in the 
two-dimensional parameter space (S M -S m ), where (Ap/p) is 
greater than 20% for these values of d F , d s , and r. With this 
choice of t, the mean-free paths are (i) 4250 A for the 
majority-spin electrons and 3540 A for the minority-spin 
electrons in Fe; (ii) 3560 A for electrons in Cr; and (iii) 4330 
A for electrons in Cu. These values correspond to all mean- 
free paths which are orders of magnitude larger than the film 
thicknesses, i.e., the clean-film limit, where interface effects 
are supposed to be paramount. 

Some of the interesting results of the calculations are 
illustrated in Figs. 2-6. It was found in general that: 

(a) (Ap/p) is only a few perce-’t when S M = S m , except 27 
when both parameters are close to 1 (see Figs. 2 and 3). 

(b) (Ap/p), as a function of d F , exhibits a variety of 
behaviors that include (i) a monotonic decrease with increas- 
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(a) 



(b) 

FIG. 2. The region in the two-dimensional parameter space ( S M ,S„), where 
(Ap/p)>0.2 for d F =20 A, d,=10 A, and r=5.0xiO' 13 s. (a) Potential 
parameters corresponding to (Fc/Cr)„. (b) Potential parameters correspond¬ 
ing to (Fe/Cu)„. 


ing d F \ and (ii) an initial increase followed by a decrease (a 
single maximum); in all cases the asymptotic value as d F -*°° 
is zero (see Fig. 4). 

(c) (Ap/p), as a function of increasing d s , exhibits either 
(i) a continuous monotonic decreuc, or, more commonly, (ii) 
a single maximum at a value of d s of the order of d F ; the 
asymptotic value as d s -*<* is also zero (see Fig. 5). 

(d) (A pip), as a function of the relaxation time r, either 
(i) increases monotonically and saturates at a maximum 
value, or, more commonly, (ii) increases to a maximum, and 
then very gradually decreases (see Fig. 6 ). 

Figure 2 contains information on how the quality of the 
interfaces influences the MR, for specific values of d F , d s , 
and r. From the figure it is evident that the region of large 
MR is close either to the line S M =1, or to the line S m =l, 
and away from the line S M =S m . There is a very large asym¬ 
metry between S M and S m in (Fe/Cr)„, but considerably less 
so in (Fe/Cu)„. 

A more realistic approach to the diffuse-versus-potential 


o 



FIG. 3. Variation of (Ap/p) as a function of S m for the parameters of 
(Fe/Cr)„, r=5.0X10" 13 s, d F =d s = 10 A and three values of S M \ (1) 
dashed curve S M = 1; (2) chain-dotted curve S w =0.5; and (3) solid curve 
S M = 0. 

scattering at the interface requires the full angular depen¬ 
dence of the eight functions In general 28 ' 31 the dif¬ 

fuse scattering is considerably larger for electrons impinging 
upon the interface in directions close to the normal. Grazing- 
angle electrons are less effectively scattered, and they tend to 
be almost completely internally reflected. A common (first- 
order) approximation to these functions 28 ' 31 is 

= exp[ - 4 V 2 {k la COS 0,) 2 ], (6) 

%, ; <r=S<r exp[- V 2 {k ia COS Q-kj a cos 0,)]. (7) 

Here, 77 is a parameter which depends on the roughness of 
the interface as well as the strength and physical distribution 
of the scattering centers at the interface, k t<T is the magnitude 
of the k vector at the Fermi sphere of the spin-rr electrons in 
layer i, and 0 , is the angle between the electron velocity and 


o 



FIG. 4. Variation of (Ap/p) as a function of d F for the parameters of 
(Fe/Cr)„, 4,=10 A, r=S.0X10' 13 s and three different values of S u and 
S m : (1) chain-dotted curve S M =S m = 0.8; (2) dashed curve S M =0, S„=l; 
and (3) solid curve S M =1, S„= 0. 
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d s (A) 77 (A) 


FIG. 5. Variation of (Ap/p) as a function of d s for the parameters of 
(Fe/Cr)„, d F =20 A, t=5.0x 10” 13 s and different values of S M and S m : ( 1 ) 
solid curve S M = 1, S m =0; (2) dashed curve 5 W =0, S„=l; and (3) chain- 
dotted curve S M =S m = 0.9. 

the nonnal to the interface; S„ is the overall diffuse scatter¬ 
ing strength at grazing angle 0 = 7 r/ 2 . It should be noted that 
the limit 17=0 reduces the approximation to the one previ¬ 
ously discussed. 

The influence of this angular dependence on the MR is 
shown in Fig. 7. As 77 increases, the MR in general de¬ 
creases, except for the case in which S M and S m are very 
close in value; in the latter, the difference in k vector be¬ 
tween the two spins, and the nonvanishing i] produce an 
asymmetry in the diffuse interface scattering between the 
spins in the F layers, and thus increases the MR. 

IV. DISCUSSION AND CONCLUSIONS 

Figure 2(a) shows a marked asymmetry in the depen¬ 
dence of (Ap/p) for (Fe/Cr)„ on S M and S m , i.e., the 
majority- and minority-spin interface scattering have a very 
different effect on the MR. For this system 



FIG. 6 . Variation of (Ap/p) as a function of rfor the parameters of (Fe/Cr),, 
<fj =10 A, d F =20 A, and three different values of S M and S m : ( 1 ) chain- 
dotted curve S,*=0 and S„=0.7; (2) dashed curve S w =0.5 and S„=l; and 
(3) solid curve S M = 1 and S„=0. 
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FIG. 7. Variation of (Ap/p) as a function of -q for the parameters of 
(Fe/Cr)„, d s = 10 A, d F =20 A and two different values of S„ in Eqs. ( 6 ) and 
(7): (1) solid curve S M =S m = 1; and (2) dashed curve 5^=0, S m =l. 


|V^|<IV S |-|VJ. 

By contrast, a large asymmetry is not present in (Fe/Cu)„, 
Fig. 2(b). Here, 

This difference in V s has a large effect on the MR, as can be 
seen in plots of the in-plane current distribution across the 
layers. 26 Often when (Ap/p) is very large, the current distri¬ 
bution responsible for the large value of (r|t is such that it is 
highly concentrated in one type of layer, either in the ferro- 
magnet or in the spacer. This effect, which can be called 
channeling, appears frequently when there is a GMR. When 
the channeling is in the spacer layer it occurs only when there 
is parallel alignment. Channeling in the FM layers, on the 
other hand, occurs (in one type of F layer for each electron 
spin orientation) for both the parallel and the antiparallel 
configurations. From these considerations the channeling in 
the spacer layer should be more intimately connected with a 
GMR. It should emphasized that channeling is present when 
the potentials are different; GMR requires, in addition, asym¬ 
metric values of S a . Channeling and GMR are strongly 
correlated. 32 

The experimentally observed values of MR in (Fe/Cr)„ 
and (Fe/Cu)„ multilayers can be obtained by the calculation 
with a proper choice of the parameters. However, the model 
in its present form, which considers all of the valence 5 and 
d electrons as comprising a single band with a single isotro¬ 
pic effective mass, yields effective resistivities pf| and p| J. 
which are about an order of magnitude smaller than those 
measured in multilayer structures. The effective resistivities 
are too small because the model has too many free-electron¬ 
like conduction electrons: 8 in Fe, 6 in Cr, and 11 in Cu. 
Proper consideration must be taken of the fact that, in these 
metals, s and d electrons contribute very differently to the 
transport properties. The narrow character of the d bands has 
beet, accounted for in the single-band approach by a single, 
large, isotropic effective mass, four times larger than the 

L. M. Falicov and R. Q. Hood 6599 






ffee-electron mass. A better approach to the problem would 
be to include a realistic band structure with its 12 bands, 
wide and narrow, as well as the hybridization and spin po¬ 
larization. Such a treatment would make the calculations 
much more difficult. 

Within the confines of a single-band model a simple, 
natural way to decrease the number of conduction electrons 
is by reducing the density of the electrons in each layer by a 
constant scaling factor, y, independent of the material and 
the spin of the electron. It should be stressed that the intro¬ 
duction of such a scaling factor does not change the form of 
the results found above. The number of electrons and the 
magnetization decreases by a factor of y. The resistivities 
pit and pt| increase by a factor of about y, and (Ap/p) 
decreases by a factor of about y* /3 . A value of -y=8 was 
chosen for making comparisons with experimental data. 
With this value the number of effective free-electron-like 
conduction electrons are 1.00 in Fe, 0. 5 in Cr, and 1.38 in 
Cu. Calculations were able to yield values of the MR and the 
resistivities, ptT and pf!, similar to those measured experi¬ 
mentally. 

Baibich et al. 4 found that a multilayer of (Fe 30 A/Cr 9 
A)^, prepared by molecular beam epitaxy, had (Ap/p) «0.46 
and a absolute resistivity change of about 23 pfl cm. With 
S w =0.23, S m =0.98, d F =30 A, d= 9 A, and t=1 X10" 13 s 
values of ptt=30.6 pH cm and p||=56.6 pfl cm were cal¬ 
culated, which corresponds to (Ap/p)=0.46 for the MR. Ex¬ 
perimental values of p are between 20 and 80 pH cm. With 
this choice of y, r, and effective mass (i.e., an effective mass 
of four times the electron mass), the bulk mean-free paths are 
425 A for the majority-spin electrons and 354 A for the 
minority-spin electrons in Fe; and 356 A for the electrons 
in Cr. 

Petroff era/. 14 report that a multilayer (Fe 15 A/Cu 15 
A),*, made by sputtering, had the following characteristics: 
pT|=24.8 pH cm, p||=27.8 pH cm, and (Ap/p)=0.108. 
With S m =0.71, =0.92, d F =d = 15 A and r=lX10' 13 s 

values of ptt=25.2 pH cm and pt|=28,3 pH cm were cal¬ 
culated, which correspond to (Ap/p)=0.11. Here, the bulk 
mean-free paths are 425 A for the majority-spin electrons 
and 354 A for the minority-spin electrons in Fe; and 433 A 
for the electrons in Cu. 

As seen above, a large MR requires, in general, a large 
difference in interface scattering for the different spins. 
When S M =S m the MR is found to be not more than a few 
percent. Therefore, a large MR cannot be explained as being 
caused solely by different densities of electrons with differ¬ 
ent spins, which vary from layer-to-layer. What is required is 
a spin imbalance and a spin-dependent scattering mechanism 
at the interface, i.e., S M ¥=S m . When such a spin-dependent 
scattering mechanism exists, for example when magnetic im¬ 
purities are present at the interface", the MR is profoundly 
influenced by spatial variations in the density of electron 
spins. This is the main cause of the GMR effect in ferromag¬ 
netic multilayers. 
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Giant magnetoresistance in Co/Cu multilayers after annealing 

T. R. McGuire, J. M. Harper, C. Cabral, Jr., and T. S. Plaskett 3 * 

IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218, 

Yorktown Heights, New York 10598 

Multilayer films of [Co 10 A/Cu(r)] 64 with copper thicknesses from r = 10 to 29 A annealed for 1 
h at temperatures about 350 °C showed a decrease in sample resistivity at 4.2 K. The giant 
magnetoresistance (GMR) maximums for as-deposited films at / = 10 A and /=23 A shifted with 
annealing. The GMR decreased for t= 10 A and t= 23 A but increased for t= 19 A and t=29 A 
indicating a complex behavior with annealing. Similarities with granular films are discussed. 


I. INTRODUCTION 

It is known that both granular Cu-Co films 1 " 3 and 
multilayer films 4,5 undergo large changes in giant magnetore¬ 
sistance (GMR) with annealing. Hylton e f al. 4 found that 
sputtered multilayers of Ni 80 Fe 2 o/Ag have no significant 
magnetoresistance in the as-prepared state but after anneal¬ 
ing at just above 300 °C a GMR of over 5% at room tem¬ 
perature is observed. This GMR is attributed to the breakup 
of NiFe layers because of diffusion of the Ag layer into grain 
boundaries and cracks in the NiFe layers. A discontinuous 
magnetic layer is created with a distribution of magnetization 
directions which increases the spin-dependent electron scat¬ 
tering causing GMR. 

For the Cu-Co system consider first the granular films 
where annealing precipitates Co particles from the Cu ma¬ 
trix. These particles cause large GMR from conduction elec¬ 
tron spin-dependent scattering attributed mainly at the inter¬ 
face of the Co particle with the Cu matrix. In addition 
resistivity (p) decreases in annealed granular Cu-Co films 
because of the increased purity of the Cu matrix as the Co 
precipitates out. 

Annealed multilayers of Cu/Co have been studied by 
Zhang et al. 5 They find for a series of films with varying Cu 
thickness that there is a decrease in resistivity with increas¬ 
ing annealing temperature ( T ) up to 300 °C. There is also a 
decrease in GMR at 300 °C but in some cases an increase is 
found at lower T. The GMR results are mainly for room 
temperature. 

It is the objective of the present work to study a similar 
series of films as reported by Zhang et al 5 with emphasis on 
low temperature measurements where the GMR is largest. 
Data are given in units of specific resistivity (p) and volume 
magnetization (A/) to help in interpretation and for compari¬ 
son with previous work. 

II. EXPERIMENTAL RESULTS AND DISCUSSION 

Our multilayer films are deposited on glass substrates by 
magnetron sputtering in a 3 m Torr Ar atmosphere. 
Multilayer structures are made 6,7 using computer control 
where substrates at ambient temperature are moved sequen¬ 
tially over each gun to deposit the Co or Cu layer. The films 
have the form Cu 10 A/[Co 10 A/Cu(f)] M where the Cu 


‘’Also at Instituto de Engcnharia de Sistemas e Computadores, 1000 Lisbon, 
Portugal. 


thickness t has values ranging from 10 to 29 A. We previ¬ 
ously reported 6 that Co/Cu multilayer films studied by high 
angle x-ray and transmission electron microscopy were 
found to be polycrystalline with a (111) texture and the Co 
had the fee structure. 

The films are annealed in a vacuum furnace at 350 °C. 
This temperature was based on that used in other studies 3 ' 4 as 
well as from a continuous in situ measurement of p vs T for 
the multilayer film (Co 10 A/Cu 23 A) 64 which showed a 
linear rise in p up to 235 °C followed by a strong decrease at 
higher temperatures. Two films for each Cu thickness are 
annealed; a rectangular one for M and a disc sample for p. 
They were both measured prior to annealing. 

Magnetic measurements are made with a “quantum de¬ 
sign” superconducting quantum interference device magne¬ 
tometer with the applied field H parallel to the plane of the 
film. The film is initially cooled in a -20 kOe field and then 
measured over the range H =±20 kOe. The total volume of 
Co is determined from the rectangular area (approximately 
0.55X1.2 cm 2 ) and Co thickness which is 640 A for this 
series of films. Measured values of saturation volume mag¬ 
netization M at 4.2 K are listed in the Table I. The saturated 
value for bulk Co at 4.2 K is M 0 = 1430 emu/cm 3 , the listed 
values are scattered about the bulk value. Because of this 
variation of M we could not determine if there was any 


TABLE I. Data at 4.2 K for as-deposited (d) and annealed (a) [Co 10 
A/Cu(f)] M films.* 


Films Cu(r) 

Pmax 

(/xfl cm) 

Pmm 

(/ill cm) 

GMR 

(%) 

w 

(kOe) 

M 0 

(emu/cm 1 ) 

10 Ad 

24.5 

18 8 

36.3 

2.6 

1350 

a 

15.8 

14.0 

12.9 

3.5 

1350 

19 Ad 

14.1 

13.1 

7.4 

0.5 

1450 

a 

9.4 

6.9 

36.8 

0.9 

1470 

21 A d 

15.9 

12.4 

28.0 

0.3 

1360 

a 

10.1 

8.8 

14.8 

0.5 

1360 

23 Ad 

12.8 

9.0 

42.0 

0.7 

1430 

a 

6.0 

5.0 

20.0 

0.8 

1460 

25 A d 

10.8 

8.6 

26.0 

0.6 

1430 

a 

7.4 

6.0 

23.0 

08 

1360 

29 A d 

8.9 

8.1 

9.9 

0.4 

1440 

a 

9.0 

7.6 

18.0 

0.8 

1440 


“The films are annealed in a vacuum furnace at 350 °C. 


J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6601/3/S6.00 


© 1994 American Institute of Physics 6601 





FIG. 1. Magnetization M and resistivity p at 4.2 K of as-deposited and 
annealed multilayer film (Co 10 A/Cu 19 k) M as a function of applied field 
H. The saturation value Af 0 for Co is marked by an arrow. 


change in saturation M before and after annealing. 

Figures 1 and 2 shows M vs H plots at low values of H 
taken from a complete magnetization curve for as deposited 
and annealed films with / = 19 A and Fig. 2 for f=23 A. 
These plots illustrate a general feature that the annealed 
samples all saturate more slowly and have a slightly higher 
coercive field ( H c ) than the as-deposited samples. At 



FIG. 2. Magnetization M and resistivity p at 4.2 K of as-deposited and 
annealed multilayer film (Co 10 A/Cu 23 A) M as a function of applied field 
H. The saturation value M 0 for Co is marked by an arrow. 


FIG. 3. Resistivity at 4.2 K for various Cu(f) thicknesses. GMR is calcu¬ 
lated from (Pmix - PmmVPmin * 

//=1000 Oe the as-deposited multilayer film has almost 
reached saturation while the annealed film is several percent 
below saturation. 

Figures 1 and 2 also show resistivity as a function of 
field for the respective compositions and annealed state. Re¬ 
sistivity is measured on a disc sample using the van der 
Pauw method over the range H=± 18 kOe. In both Figs. 1 
and 2 the maximum in resistivity (p max ) is approximately at 
H c . Both p max at H c and p mm at H- 18 kOe are listed in the 
Table I. The ratio (p max -p m , n )/p m , n g' ves the GMR and this is 
tabulated as MR(%). We note that MR(%) increases with 
annealing for the t = 1 9 A but MR% decreases for t = 23 A. 
The annealed magnetization curves, however, look about the 
same for both thicknesses. Figure 3 shows p max , p m ,„, and 
MR(%) vs Cu(f). Compositions r=10 A and r=23 A cor¬ 
respond to the first two peaks 4,7 in GMR as a function of t for 
as-deposited films. As seen in Fig. 3 the peaks in GMR are 
shifting with annealing. 

Another change that takes place during annealing is the 
width of the p vs H curve. As shown on Figs. 1 and 2 the 
width of the maximum segion in the annealed films has in¬ 
creased somewhat. We define the half-width (w) of the p vs 
H curve as that width in kOe midway between p max and p min . 
We find that w increases at 4.2 K from about 2.6 to 3.5 kOe 
for t= 10 A and 0.7 to 0.8 kOe for t =23 A with annealing 
as listed in Table I. This increase in w is opposite to that 
found by Hylton et al . 4 in NiFe/Ag multilayers where w nar¬ 
rowed with annealing. 

The decrease in p in Cu/Co multilayers has been attrib¬ 
uted in part to grain growth by Zhang et al 4 We suggest also 
there is the possibility that any mixing of the Cu and Co at 
the interface in the as-prepared film is now changed in some 
way by Co precipitation from annealing as found in granular 
films. Since the spin-dependent scattering of the conduction 
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electrons is chiefly involved with the interface 8 this could 
cause a change in GMR depending on initial conditions of 
the as-deposited film and the annealing temperature. Zhang 
et al. found that room temperature GMR increased at anneal¬ 
ing temperatures of 250 °C in some of their compositions. It 
appears that the annealing has a complex behavior and that 
there may exist a sensitive threshold of temperatures which 
gives the best interface conditions for large GMR. 

In addition we had previously pointed out 6 that the shape 
of the pvsH curve for [Co 10 A/Cu 10 A] M is within a few 
percent identical with granular Cu-Co films. 2 This similarity 
suggests that as-deposited multilayer [Co 10 A/Cu(r)]„ may 
have noncontinuous Co layers that act like a granular par¬ 
ticulate. After annealing the discontinuities in the Co layer 
are no longer the same size and GMR is decreased but in 
some cases an optimum is reached in terms of discontinuities 
as well as interface conditions and GMR is increased. A se¬ 
ries of annealing temperatures for each composition are 
needed to determine the best T to give maximum GMR. 


III. SUMMARY 

(a) The peak value of GMR with Cu thickness shifts 
with annealing at 350 °C. 

(b) There is a decrease of film resistivity as much as 
50% with annealing at 350 °C. 

(c) The half-width of the magnetoresistance vs field 
curve increases with annealing and this increase correlates 
with the slower increase in films magnetization with field. 
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Magnetoresistance and magnetization oscillations in Fe/Cr/Fe trilayers 
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M. Schafer, R. Schafer, and P. Grunberg 

IFF-FZ, Kernforschungsanlage Jiilich, Postfach 1913, D-52425 Jiilich, Germany 

The 2-ML (monolayer) oscillation period has been observed in the magnetization as well as in the 
magnetoresistance of Fe/Cr/Fe trilayers. Kerr effect measurements were performed in order to verify 
the periodicity and determine the kina of the coupling between the Fe layers. The magnetoresistance 
loops show characteristic steps at magnetic field values at which the size of the magnetization 
changes. 


I. INTRODUCTION 

Magnetic multilayers have attracted much attention since 
they display a wide variety of interesting physical 
properties. 1-11 In the Fe/Cr system, the coupling between 
adjacent Fe layers was found to switch between ferromag¬ 
netic and antiferromagnetic depending on the thickness of 
the Cr interlayer. 1 This was seen first in a giant magnetore¬ 
sistance, the amplitude of which oscillated with the thickness 
of Cr with a period of 18 A. 2,3 Magneto-optic Kerr effect 
measurements (MOKE) confirmed this period for the cou¬ 
pling between Fe layers. 5 With improvements in the layering 
quality, an additional short period oscillation was seen in 
Fe/Cr/Fe trilayers, probed by scanning electron microscopy 
with spin polarization analysis (SEMPA). 9 The short period 
oscillation was found to have a length of two monolayers 
and be commensurate with the spin density wave found in 
bulk Cr. 12,13 However, the SEMPA and MOKE studies were 
performed on trilayers which were grown on Fe whiskers or 
thick metallic buffer layers, making these samples unsuitable 
for electrical transport studies. 

We report here on electrical transport and magneto¬ 
optical studies performed on Fe/Cr/Fe trilayers grown epi¬ 
taxially on MgO(lOO) substrates without any buffer layer. 
Both the magnetoresistance (MR) and the MOKE measure¬ 
ments clearly display the existence of the short period oscil¬ 
lation. At the same time the MOKE measurements are used 
to identify the nature of the coupling between the Fe layers. 
This also allows the direct comparison of the Kerr loops with 
the magnetic field dependence of the MR. The magnetoresis¬ 
tance displays steps at values of the magnetic field at which 
the absolute value of the magnetization of the sample 
changes. 


II. SAMPLE PREPARATION 

The Fe/Cr/Fe trilayers were prepared in a Riber molecu¬ 
lar beam epitaxy (MBE) deposition system (base pressure 
2 X10 -11 mbar) equipped with two electron-beam guns and 
four Knudsen cells. Fe and Cr (both starting materials of 
99.996% purity) were e-beam evaporated at a rate of 1 A/s 
on MgO (100) substrates held at 150 °C. A homemade feed¬ 
back control system using Balzers quadrupole mass spec¬ 
trometers was utilized to stabilize the rate to within 1%. In 


situ reflection high-energy electron diffraction (RHEED) was 
used to monitor the quality of the substrate, the epitaxial 
relationship and the quality of the growth. 

The Fe thickness of the top and bottom layers was 50 A 
and the Cr thickness varied, respectively, from 4 to 20 A and 
from 0 to 40 A with slopes of 1 and 2 A of Cr per mm for the 
two samples. The wedges were prepared using a computer 
controlled movable shutter. The wedge direction was chosen 
parallel to the [010] direction of the Fe/Cr layers (the [011] 
direction of the MgO) in order to facilitate alignment with 
the magnetic field during the MOKE and MR experiments. 
The trilayer was then covered with 30 A of Ag as piotection 
against oxidation of the Fe. 

First, MOKE experiments were performed at room tem¬ 
perature, using a Kerr effect configuration which is sensitive 
for the longitudinal Kerr effect. The field was applied paral¬ 
lel to the easy [010] axis of the Fe layers. A micrometer 
screw was used to move the wedged sample through the laser 
beam, with an alignment accuracy of 10 fim. The coupling 
strength between the Fe layers was estimated from the satu¬ 
ration field of the Kerr rotation. 

Subsequently, one sample was patterned using standard 
photolithographic techniques to produce a saipe pattern. The 
stripes used r transport measurements were 80 /mi wide 
and about 1 cm long and separated from each other by about 
30 fim. Each stripe has a Cr thickness variation of 0.2 A, due 
to the wedge itself and any possible misalignment during the 
lithography procedure. To measure the MR, leads were at¬ 
tached to the sample by ultrasonic wire bonding. Four-probe 
measurements were performed at 4.2 K in a cryostat 
equipped with a superconducting magnet. Since the signal 
was relatively small, a Linear Research bridge was used to 
measure the resistance versus field data. The sample was 
aligned in such a way that the Fe [010] direction was parallel 
to the field. 

In the following the magnetoresistance is defined as the 
ratio A p/p s , with Ap=p 0 -p s , where p 0 is the resistivity at 
H =0 Oe and p s is the saturation resistivity at H=3 kOe. We 
Jefine the magnetization saturation field as the field, H s at 
which the Kerr signal reaches its saturation value. 

III. RESULTS AND DISCUSSION 

Figure 1 shows a plot of H s from the MOKE measure¬ 
ments and the MR of the transport measurements versus Cr 
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FIG. 1. The saturation field H s (crosses, scale at left) for the Kerr rotation, 
and MR (filled circles, scale at right) for the magnetoresistance vs Cr inter¬ 
layer thickness in angstroms and monolayers. The inset shows a plot of the 
saturation fields obtained from the MOKE measurements over a wider range 
of t Q . 


thickness in both angstroms and monolayers. Both sets of 
data clearly show four peaks in the range 4 to 10 ML (mono- 
layers). This 2-ML oscillation period is in agreement with 
the value reported from SEMPA measurements. 9 The inset in 
Fig. 1 shows a plot of the saturation fields over a wider range 
of f Cr determined from the MOKE measured on a sample 
with a larger variation in / Cr . The oscillation with the period 
of 18 A in f Cr is clearly visible. 

Figure 2 shows typical MR and MOKE hysteresis curves 
for different values of t Cr . With increasing t Cl the nature of 
the coupling changes from biquadratic coupling [at about 
t c ,=l A, see Fig. 2(a)], over to a combination of bilinear and 
biquadratic coupling [around r Ct =8.5 A, see Fig. 2(b)] to 
again biquadratic coupling [at r Cr == 13 A, see Fig. 2(c)], The 
arrows on the figures indicate the orientation of the magne¬ 
tization of the top and bottom Fe layers. 

In the case of biquadratic coupling, there is a remnant 
field at zero applied field and the magnetization vectors in 
the layers of Fe are not parallel, but differ by 90°. As the 
field increases, the magnetization of the layers becomes 
aligned parallel at the saturation field. The sample with 
f Cr =8.5 A is antiferromagnetically coupled at zero field, and 
switches to 90° coupling at a higher field before being satu¬ 
rated at H s . The 90° coupling is explained in terms of biqua¬ 
dratic coupling possibly due to a roughness at the interfaces 
of 1 ML monolayer. 14 In all cases, the total strength of the 
coupling is well described by the saturation field. The surface 
energy per unit area as a function of the individual coupling 
strengths is given by 

E s = -J t cos 0-J 2 cos 2 6, 

where Jj and J 2 are the bilinear and biquadratic coupling 
strengths and 0 is the angle between the magnetization vec¬ 
tors in the two Fe layers. From the MOKE measurements, J j 
and J 2 can be determined. For example, at f Cr =8.5 k,J t and 
J 2 were found to be, respectively, -0.46 mJ/m 2 and -0.20 
mJ/m 2 . 



H (Oe) 



H (Oc) 



•300 -200 -100 0 100 200 300 
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FIG. 2. MR at 4.2 K and Kerr effect at 300 K over applied magnetic field of 
Fe/Cr/Fe trilayers for three different values of r c ,: (a) f Ct =7 A, showing 
biquadratic coupling: (b) t a = 8.5 A, showing a combined bilinear and bi¬ 
quadratic coupling; tc) r c ,=13 A, showing biquadratic coupling. The arrows 
indicate the direction of magnetization of the two Fe layers. The correspond¬ 
ing MR loops show steps at field values at which the size of the magneti¬ 
zation changes. 


Figure 2 also shows the measured MR loops for the dif¬ 
ferent values of f Cr . In the case of biquadratic coupling [Figs. 
2(a) and 2(c)] the MR displays steps at values of the mag¬ 
netic field at which the 90° coupling is saturated. The rever¬ 
sal of the sign of the magnetization at zero field produces 
only a step in the Ken loop but not in the MR. This can be 
easily explained by the fact that the MR is sensitive only to 
changes in the size of the magnetization but is not sensitive 
to changes of its orientation. 

In Fig. 2(c) the magnetic field values of the steps in the 
Ken effect (measured at 300 K) and the MR (measured at 
4.2 K) do not match, a fact which is likely due to the tem- 
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perature dependence of the coupling constants. This tempera¬ 
ture dependence is changing with / Cr , 15 which is in qualita¬ 
tive agreement with the decrease of H s with increasing 
temperature at f Cr =13 A [Fig. 2(c)]. 

The MR loop at f Cr =8.5 A [Fig. 2(b)], corresponding to 
the maximum of the MR oscillations, reproduces all four 
steps visible in the magnetization. Each of the steps in the 
magnetization corresponds to a change in its absolute value 
and accordingly causes a change in the magnetoresistance. 
Small differences in the values of the switching fields can be 
explained by the different coupling strength due to the dif¬ 
ferent measuring temperature. 

The MR curves of Fe/Cr superlattices do not display 
sharp steps but have more bell-shaped or triangular-field 
dependencies 2,16,17 This may be due to an averaging effect 
over many layers which have different coupling strengths. A 
bell-shaped MR curve would correspond to either biqua¬ 
dratic coupling as in Fig. 2(a) or to bilinear coupling which 
should naturally produce a similar shape. The triangular 
shape would be a reminiscent of the combined bilinear and 
biquadratic coupling as in Fig. 2(b). 

IV. CONCLUSION 

We have observed the 2-ML period in the oscillations of 
the magnetoresistance in Fe/Cr/Fe trilayers. This periodicity 
arises from the antiferromagnetism of the Cr interlayer. 
MOKE measurements indicate that the Fe layers can be 
aligned parallel, antiparallel, or 90° degrees off. The magne¬ 
toresistance displays characteristic steps at values of the ap¬ 
plied magnetic field at which the amplitude of the magneti¬ 
zation changes. 
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Structural and magnetic properties of Co/Ag multilayers 

E. A. M. van Alphen, P. A. A. van Heijden, and W. J. M. de Jonge 

Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, 

The Netherlands 

The structural properties and growth of sputtered Co/Ag multilayers were studied with nuclear 
magnetic resonance. For samples with a nominal Co thickness of less than 10 A the Co grows in 
three-dimensional islands. If the nominal Co thickness is larger than 10-A continuous Co layers are 
formed. The relation of the structural properties with magnetization and magnetoresistance is 
discussed. 


Currently Co/Ag multilayers and Co-Ag alloys are 
widely studied because of their giant magnetoresistance 
(MR) effects. 1-3 Since the magnetoresistance and the mag¬ 
netic properties are strongly related to the structure of the 
magnetic layer and the topology of the interfaces, the present 
paper focuses on the structural information as can be ob¬ 
tained from 59 Co nuclear magnetic resonance (NMR) studies. 
We also discuss the influence of annealing on the magnetore¬ 
sistance. The strain in these Co/Ag multilayers has been 
studied previously. 4 

The Co/Ag multilayers were made by magnetron sput¬ 
tering on Si [100] at the Michigan State University. The 
deposition rate was 4 A/s for Co and 8 A/s for Ag, The Ag 
layer thickness was 20 A for all the samples, the Co thick¬ 
ness varied between 4 and 100 A. The number of repetitions 
was 100. X-ray diffractometry confirmed the superlattice 
modulations and showed [111] texture. 

The NMR experiments were performed with a coherent 
spin echo spectrometer at a temperature of 1.5 K. Magnetic 
fields, larger than the saturation field, were applied parallel to 
the film plane. The hyperfine field fl hf was obtained from the 
resonance field B r and the frequency / using the relation 
2Trf=yiB hr B r ), where y is the 59 Co nuclear gyromagnetic 
ratio (y/27r= 10.054 MHz/T). 5 The transverse magnetoresis¬ 
tance was measured at room temperature in fields up to 1.3 T 
using a standard four-probe method. 

Figure 1 shows the NMR spectra of the 100 -(x A 
Co+20 A Ag) multilayers with jc ~4,8 ,10,12, and 15 A Co. 
The integral of the intensity is normalized to the nominal Co 
thickness. Apart from the intensity which arises from bulk 
Co nuclei around 21 T, a clear contribution at lower fields 
can also be observed. This intensity at lower fields is be¬ 
lieved to originate from Co atoms at or near the interfaces 
(Co atoms with one or more Ag neighbors). The maximum at 
17.5 T probably arises from Co atoms at locally flat (111) 
interfaces. Both the interface and the bulk lines are much 
broader than the lines found in Co/Ni and Co/Cu multilayers 
were the structure of the Co is mainly fee. 5 This is because 
the Co in Co/Ag multilayers is a mixture of fee Co, hep Co, 
and Co in stacking faults. 

Figure 2 gives a survey of the different contributions to 
the spectrum as a function of the Co thickness. The intensi¬ 
ties are obtained by dividing the spectra in two parts and 
integration of these parts (interface part 15-19.5 T, bulk part 
19.5-23 T). Changing the boundary between the bulk and 
the interface part a little bit, as well as comparing the height 
of the interface and the bulk line, give similar results. 


Remarkable is the presence of the bulk Co signal for the 
sample with a nominal thickness of 4 A (2 monolayers) Co 
(Fig. 1). The presence of this signal demonstrates that the Co 
did not grow in the layer-by-layer mode but in three- 
dimensional islands, becuase in the case of layer-by-layer 
growth every Co atom would have Ag neighbors. If the Co 
layer thickness is increased from 4 to 8 to 10 A both the 
interface and the bulk intensity increases and the relative 
increase is approximately the same for both. Consequently, 
this implies that the volume to surface ratio remains constant 
[see Fig. 2(c)]. This behavior can only be understood if, in 
the nominal Co thickness range 4-10 A, the growth mode is 
such that the number of three-dimensional islands increases 
or the islands become larger. (This last option is only pos¬ 
sible when the influences of the edges of the islands are 
negligible.) The bulk intensity [Fig. 2(b)] increases from 4 to 
10 A Co with a certain slope. The fact that this line extrapo¬ 
lates approximately to zero also indicates that the growth 
cannot be layer-by-layer [such a growth would result in a 
straight line with a positive intersection with the Co thick¬ 
ness axis; 4 A for perfectly smooth layers and more than 4 A 
for layers with a certain roughness (Ref. 5)]. 

For Co thicknesses increasing from 10 to 15 A the in¬ 
tensity of the interface remains approximately constant [Fig. 
2(a)] while the amount of Co atoms in the bulk increases 
[Fig. 2(b)]. The constant intensity of the interface shows that 
for Co thicknesses larger than 10 A apparently a continuous 
Co layer is formed and the islands mentioned before have 
merged and cover the whole layer at a nominal thickness of 
10 A. This implies that the Co layers are build with clusters 
of Co with a thickness of about 5 ML (monolayers) in the 
nominal range up to 10 A Co. As an additional check on this 
conclusion we can compare the interface to bulk ratio of the 
spectra of 4, 8, and 10 A Co. Clusters with a Co thickness of 
5 ML would have at least 2-ML Co at the interface and at 
most 3 ML bulk Co resulting in a bulk to interface intensity 
ratio of at most 3/2 (if the interfaces are sharp and the islands 
are relatively large). Roughness as well as a finite lateral size 
would result in a ratio smaller than 3/2. The measured bulk/ 
interface ratio of about 1 [Fig. 2(c)] fits reasonably in this 
model. If we assume that the islands are cubes or cylinders 
with a thickness of 10 A and implement the experimental 
bulk to interface ratio of 1, we can estimate the lateral di¬ 
mensions of the islands. This approximation results in typical 
lateral length scales of about 50 A. Roughness would de¬ 
crease this number. 

In this same (simple) growth model we can also predict 
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FIG. 1. NMR spectra measured at 1.5 K of 100-(x A Co+20 A Ag) multi¬ 
layers. The integral (between 15 and 23 T) of the spectra are normalized to 
the nominal Co thickness. The spectra are corrected for enhancement. 


the increase of the bulk to interface ratio above the nominal 
thickness of 10 A since in our model all Co above this thick¬ 
ness contributes to the bulk intensity. The resulting predic¬ 
tion is shown by the solid line in Fig. 2(c) and fits remark¬ 
ably well with the data for Co thicknesses just above 10 A. If 
the Co thickness is further increased (r Co > 15 A) the increase 
of the interface intensity [Fig. 2(a), interfaces become 
rougher] brings about a deviation of the data with this theo¬ 
retical line. 

The growth mode of the Co/Ag multilayers observed in 
the present experiments is in accordance with the expecta¬ 
tions based on a comparison of the surface energies of Co 



FIG. 2. Intensity of the interface part (a), the bulk part (b), and the ratio 
between the bulk and the interface part (c), as a function of the nominal Co 
thickness. The dotted lines are guides to the eye, the solid line in Fig. 2(c) is 
in accordance with the model discussed in the text. 
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FIG. 3. Magnetoresistance as a function of the nominal Co thickness. The 
inset shows the MR of (10 A Co+20 A Ag) as a function of the anneal 
temperature. All MR measurements were performed at room temperature 
with the applied field parallel to the film plane. 


and Ag. 6 Because the surface energy of Co is much larger 
than the surface energy of Ag and because the atomic inter¬ 
action between the Co and the Ag atoms is weak, 7 Co is 
expected to grow in three-dimensional islands on Ag 
(Volmer-Weber mode) and Ag is expected to grow in the 
layer-by-layer mode on Co. Earlier reflection high-energy 
electron diffraction (RHEED) studies on molecular beam ep¬ 
itaxy (MBE) grown Co/Ag multilayers 8 yielded, for some 
growth temperatures, similar results, although in this paper 
no information is given about the size of the clusters. 

The magnetoresistance as well as the magnetization of 
the present series of samples has been investigated. 9 We will 
restrict ourselves here to a few general comments specifically 
in relation to the structural data observed by NMR. 

The magnetoresistance of these Co/Ag multilayers, de¬ 
fined as (R b *o ~ Rb~ i .3 o> > s shown in Fig. 3. The 

MR increases strongly for nominal Co thicknesses smaller 
than 10 A. As we have seen this is the regime in which the 
Co layers are discontinuous. For nominal Co thicknesses 
larger than 10 A (continuous Co layers) the MR is small and 
almost independent of the Co thickness. The larger MR for 
the discontinuous Co layers might be caused by mechanisms 
similar as reported by Hylton et al. w for the NiFe/Ag sys¬ 
tem; isolation of pinholes or interlayer magnetostatic cou¬ 
pling. One difference between the present Co/Ag system and 
the NiFe/Ag system is that now the transition from continu¬ 
ous to discontinuous layers is not achieved by annealing but 
is already present in the as deposited state (for fco<10 A). 

The restoration of interlayer (AF) coupling as deduced 
from the decrease of the remanent magnetization (M r ) in 
NiFe/Ag does not seem valid for Co/Ag. Although we ob¬ 
served in (Co/20 A Ag) a strong decrease of M r in the nomi¬ 
nal / Co range below 10 A (when discontinuous layers are 
formed), we also found an identical decrease in a (6 A 
Co+40 A Ag) multilayer, where the interlayer coupling (if 
any) is weak. In our analysis the behavior of M r is brought 
about by the change of anisotropy (magnetostatic as well as 
surface) when the continuous layer breaks up in (noninter¬ 
acting) clusters. This ultimately results in almost isotropic 
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magnetization for the 4-A Co system and an increase in MR 
due to the transition from a ferromagnetic layer sy tern to an 
as. c ~bly of decoupled clusters. This effect is enhanced upon 
am c-fing as is corroborated by NMR. 

A similar dependence of the MR on the Co thickness for 
Co/Ag multilayers is reported by Araki. 2 As a reason for the 
strong increase of the MR properties below 10 A of Co an 
increase of the fee phase of Co for thin Co layers is sug¬ 
gested. In Fig. 1, however, we can see that the line shape of 
the bulk part does not change when the Co layers become 
thinner. From this we can conclude that, for the present 
Co/Ag multilayers, the changes in the MR cannot be ex¬ 
plained by changi in the structure of the Co. 

The inset of Fig. 3 shows the magnetoresistance of the 
Co/Ag multilayer with 10 A Co and 20 A Ag as a function of 
the anneal temperature. When the multilayer is annealed the 
MR first increases (from 3% to 7%), while for anneal tem¬ 
peratures higher than about 360 °C the MR decreases upon 
annealing. This behavior agrees with earlier results of Tosin 
et al.. n 

In summary, we have shown with NMR that the growth 
of sputtered Co/Ag multilayers starts with a three- 
dimensional island growth of Co. For nominal Co thick¬ 
nesses larger than 10-A continuous Co layers are formed. 
The strong increase in the magnetoresistance for nominal Co 
thicknesses smaller than 10 A is related to the transition from 


continuous to discontinuous Co layers in this thickness 
range. A more detailed paper on the MR of Co/Ag multilay¬ 
ers with discontinuous Co layers is planned. 9 

The authors gratefully acknowledge the Michigan State 
University, where the Co/Ag multilayers were produced in 
the sputtering system funded by the U.S. National Science 
Foundation under Grant No. DMR-9122614, and the MSU 
Center for Fundamental Materials Research. 
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Magnetic states of magnetic multilayers at different fields 
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The resistance of an as-sputtered magnetic multilayer in zero applied magnetic field can be 
considerably different from the maximum resistance measured after the multilayer has been cycled 
to above its saturation field. We examine the relation between these two resistances in some Ag/Co, 
Cu/Co, and Cu/NiFe multilayers, and its implications for interpreting giant magnetoresistance. 


The magnetoresistance (MR) of a magnetic multilayer 
composed of alternating thin layers of a ferromagnetic (F) 
and a nonmagnetic (N) metal is defined as 
MR(H) = [R(H)-R(H S )]/R(H S ), where H s is the in-plane 
magnetic field at which the resistance R(H) saturates at its 
lowest value. This quantity can be measured with the current 
parallel (CIP-MR) or perpendicular (CPP-MR) to the layer 
planes. Figure 1 shows the resistance in CIP and CPP geom¬ 
etries, along with the total magnetization M parallel to the 
layer planes, for a Cu(6 nm)/Co(6 nm) multilayer as a func¬ 
tion of H. We see that there are two different states of locally 
maximal MRs: one, labeled H 0 , the as-grown state at H= 0, 
which might be associated with the demagnetized state of the 
multilayer; and one at H p , the state of maximum resistance 
after cycling to above H s . H p is close to the coercive field, 
H c , where M= 0. In this article, we provide some new ex¬ 
perimental information about MR{// 0 ) and MR (H p ), to 
stimulate more thought about the significance of both quan¬ 
tities. 

The largest MRs in magnetic multilayers occur when the 
iV-mctal layer thickness, t N , is such that the magnetizations 
of neighboring F layers are aligned antiparallel (AP) to each 
other in zero field—antiferromagnetic (af) coupling. In this 
case, H p is essentially zero, and MR(// 0 )«MR(// p ). This is 
the situation that is standardly modeled, because the mag¬ 
netic states of the system are known at both limits of the MR. 
Unfortunately, af coupling gives large values of H s , which 
make such multilayers unsuitable for most applications. 
There is thus interest in understanding the MR when there is 
only weak coupling between F layers, such as that illustrated 
in Fig. 1. From studies of oscillatory behavior in magnetic 
multilayers, we take this regime as t N =*6 nm. 1,2 

The most direct attack upon the “weak coupling” regime 
was made by Zhang and Levy, 3 who proposed modeling the 
H=H C , M = 0 state as a superposition of statistically uncor¬ 
related (SU) magnetic configurations that satisfy the condi¬ 
tion 2A/,=0. (A/, is the magnetization of individual layers.) 
They noted that the CPP-MR should be the same for the SU 
and AP states, but that the CIP-MR should be smaller for the 
SU than the AP state. 

In the weak coupling regime, the CIP-MR has usually 
been evaluated at H p , both because this state is reproducible 
after cycling to above H s and because it occurs near 
H c —i.e., near A/=0. Zhang and Levy 3 have analyzed such 
data in terms of a SU state, and argued that such a state is 
needed to explain why the CPP-MR is usually so much 
larger than the CIP-MR. [We note that our experiments sug¬ 


gest that H p is not identical to H c , and M{H p ) may be an 
appreciable fraction of M(H S ).] 

For the CPP-MR, in contrast, we have focused upon 
// 0 4,s as the M= 0, SU state, for two reasons: (1) MR(// 0 ) is 
usually larger than MR (H p )—and one expects the AP and 
SU states to have the highest possible MRs. (2) It fits better 
a data analysis 6 involving extrapolation from the af regime to 
the completely uncoupled regime, that we now describe. We 
and others have shown 5,7,8 that a two-current model, in 
which spin up and spin down electrons carry current inde¬ 
pendently through the multilayer, gives a good description of 
a wide range of CPP-MR data on Ag/Co, :5,6,9 Cu/Co, 6,9 and 
Cu/NiFe. 10 For multilayers in the AP or SU configurations, 
with fixed F metal thickness t F and fixed total thicknesses 
t T , this model predicts that the plot of the total resistance R T 
versus number of bilayers N, should be a straight line with 
an intercept on the ordinate axis that can be independently 
determined. This straight line should pass through the data 
for AP states and for uncoupled SU states, but not those for 
which significant ferromagnetic coupling is present. Experi¬ 
mentally we find that such a line fits the data for H 0 much 
better than the data for H p in Cu/Co, 6 where the differences 
between the two sets of data are large. The H 0 data for Cu/ 
NiFe also fits this pattern but the distinction between the H 0 
and H p data is small. 11 

With this background we now turn to a more detailed 
examination of the ratio MR(// 0 )/MR(// p ) in our sputtered 
multilayers than has hitherto been presented. We first exam¬ 
ine the ratio under different conditions in different multilayer 
systems, and then describe some preliminary tests we have 
made to see whether the H 0 states can be restored by demag¬ 
netizing a sample. 

In Figs. 2(a), 2(b) we plot the ratio MR(// 0 )/MR(// p ) for 
a series of Ag/Co, Cu/Co, and Cu/NiFe samples with fixed 
r f =6 nm, and with t F =t N , respectively. 

For “uncoupled”'samples, t N ^6 nm, we see that most of 
the Ag/Co and Cu/Co data lie in a band around a ratio of 1.5 
in Fig. 2(a) and around 2 in Fig. 2(b). Importantly, most of 
the CIP-MR data for Ag/Co behave very similarly to the 
CPP-MR data for both Ag/Co and Cu/Co. For these “un¬ 
coupled” samples, H 0 and H p thus seem to have similar 
significance for the CPP- and CIP-MRs. This similarity rules 
out the possibility that the H 0 and H p states are AP and SU 
states, respectively. For while in CIP this would result in 
R(H 0 )/R(H p )> 1, in CPP the ratio would be 1. The situation 
for Cu/NiFe is more complex, with some data falling close to 
the data for Ag/Co and Cu/Co, and other data falling around 
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FIG. I. (a) and (b) give the resistances of a [Cu(6 nm)/Co(6 nm)]x60 
multilayer in the CPP and CIP geometries, respectively, (c) shows the mag¬ 
netization of the ‘•amc sample. 


1. The reasons for these variations are not yet understood, 
but it should be noted that the uncertainties in the Cu/NiFe 
ratios are large partly because the MRs themselves are 
smaller than those for equivalent Ag/Co and Cu/Co samples. 

For the samples with the thinnest Ag layers in Figs. 2(a) 
and 2(b), we find MR(// 0 )/MR(// p )<l, Values of this ratio 
below 1 have been found rather generally in Ag/Co samples 
with f Ag <3 nm, as we will show elsewhere. 12 This may in¬ 
dicate ferromagnetic bridging between the Co layers. Appar¬ 
ently the values -1.5-2 shown in Figs. 2(a) and 2(b) are 
reoresentative only of weakly coupled samples. 

if, as suggested at the beginning, we wish to associate 
the H 0 state with a demagnetized state, then we could hope 
to restore this state by demagnetizing the sample by cycling 
it through steadily decreasing fields. In Table I we give MRs 
evaluated for H for the states H p , and H„ which is the 
zero field state after demagnetization. The first sample is 
strongly af coupled, and the second is / coupled. Here, ex¬ 
change forces dominate coercive effects and the MRs are not 
dramatically different. The third sample is weakly af coupled 
and the remaining samples are uncoupled, and now there are 
significant differences. For Cu(9 nm)/Co(6 nm), MR(//„) is 
appreciably greater than MR (H p ) but much less than 
MR(// 0 ). This result supports our assumption that the H 0 
slate is the best candidate to date for the AP state. For Cu/ 
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FIG. 2. (a) MRd/oVMRI/fp) plotted against thicknesses of Ag and Cu for a 
variety of multilayers with constant t F =6 nm (b) MR(// 0 )/MR(// p ) plotted 
against f, the thickness of both the F and N layers, for samples with 

< = / f =t A r. 


NiFe, on the other hand, for f Cu <10 nm, MR(// 0 )<MR(// p ), 
and MR(//q) is larger than both. Here, MR(7/JJ) is probably 
the best available experimental estimate for the AP state. 

For the Cu/Co and Ag/Co systems, both H 0 and H p seem 
to be rather well-defined states, in the sense that their prop¬ 
erties vary systematically with oth'^r parameters in the sys¬ 
tem. In the uncoupled region, the H 0 state seems to corre¬ 
spond better with the AP state. Once a sample has passed 


TABLE I. MR (H 0 ), and MR(//q) are the MRs (in percent) of the multilay¬ 
ers in zero field as prepared, and after demagnetization, respectively. 
MR(ffp) is the peak MR after cycling to H s . Layer dimensions are given in 
nm. 


System 


MRWo) 

MR(// p ) 

MR (//J) 

[Cu(0.8)/NiFc(6)]X53 

CIP 

35 

34 

34 

[Cu(3)/NiFe(6)]X40 

CPP 

1 3 

1.3 

1.3 

[Cu(2.0)/Co(1.5)]X 143 

CPP 

68 

58 

64 


CIP 

12 

8.2 

93 

[Cu(9.0)/Co(6.0)]X49 

CPP 

61 

37 

44 

[Cu(5.7)/NiFe(1.5)]X50 

CPP 

17 

26 

33 

[Cu(3.3)/NtFe(1.5)]X75 

CPP 

23.6 

35 

39 


CIP 

7.6 

8.0 

10.5 
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through a complete hysteresis cycle, we have not succeeded 
in restoring the original Hq state by demagnetization at 4.2 
K. For our “uncoupled” sputtered multilayers of Ag/Co and 
Cu/Co, the ratio MR(H 0 )/MR(H p ) is rather stable at =1.6 or 
2 for multilayers with fixed t F or t F =t N , respectively. For 
“uncoupled” Cu/NiFe with / C u<l° nm > on the other hand > 
larger resistances at zero field can generally be obtained by 
demagnetizing at 4.2 K; here, the H 0 state cannot be the AP 
state. 

We conclude that H p is unlikely to closely represent the 
SU state. Further study is needed to establish how close H 0 
comes to the AP state in different systems. In hopes of clari¬ 
fying this issue, we are making CPP-MR measurements on 
spin-valve multilayers, in which alternating layers of F A and 
F b have values of H c different enough that they should give 
an AP state for H cA <H<H cB . 


This research was supported in part by the US NSF un¬ 
der Grant No. DMR 91-22614, by the MSU CFMR, and by 
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Investigation of the magnetic structures in giant magnetoresistive 
multilayer films by electron microscopy 

L. J. Heyderman and J. N. Chapman 

Department of Physics and Astronomy, Glasgow University, Glasgow, G12 8QQ, United Kingdom 

S. S. P. Parkin 

IBM Research Division, Almaden Research Centre, 650 Harry Road, San Jose, California 95120-6099 

The magnetic structures which occur in (Co/Ni 81 Fe 19 /Co)/Cu multilayer films showing giant 
magnetoresistance have been investigated using electron microscopy. Rather similar fine domains, 
with sub-yum dimensions, were found in films comprising 14 and 6 magnetic layers. Whilst the 
observed structure depended greatly on the magnetic history of the sample, a combination of 
differential phase contrast imaging and low angle diffraction allowed an estimate to be made of the 
extent to which neighboring magnetic layers were aligned antiparallel to each other. For both 
samples typically two layers were found to have parallel alignment leading to the possibility that 
departures from the expected antiferromagnetic behavior are more prevalent at the surfaces rather 
than in the bulk of the multilayer. 


I. INTRODUCTION 

In a recent paper the magnetic structures present in giant 
magnetoresistive (Co/Ni 8 iFe 19 /Co)/Cu multilayer films with 
14 magnetic layers were investigated using various Lorentz 
modes of transmission electron microscopy. 1 The films, 
which gave magnetoresistance ratios of up to 18% at room 
temperature, displayed distinct and rather complex small- 
scale magnetic structures at zero field that were incompatible 
with complete antiparallel alignment of the magnetization in 
adjacent layers. Whilst Lorentz microscopy is one of the few 
techniques with the ability to image submicron domain struc¬ 
tures, a detailed interpretation of the images is made difficult 
in this instance because information is provided only on the 
projection of the in-plane component of magnetic induction 
averaged through the multilayer stack. In the present work 
we have gained further insight into the magnetic structures 
by comparing observations in the 14-layer sample with those 
in a sample of identical composition but which comprised 
only six magnetic layers. Furthermore, low angle electron 
diffraction (LAD) has been introduced to provide quantita¬ 
tive data on the degree of magnetic alignment throughout the 
multilayer stack. 

The multilayer material was chosen to ensure that films 
were soft whilst retaining high magnetoresistance (MR) 
values, 2 its composition being substrate J30 ARu| 5ACo| 11 
ANiFe|5ACo]n X {19.5Cu|5ACo| 11 ANiFe|SACo|} |S0 ARu|. 
n +1 is the number of magnetic layers in the multilayer 
stack. The magnetic structures were observed by Fresnel im¬ 
aging and differential phase contrast (DPC) microscopy. The 
former is an out-of-focus technique suitable for domain ob¬ 
servations during magnetization reversal. Large in situ per¬ 
pendicular fields were available using the objective lens 
field 3 and, on tilting the sample, an in-plane field component 
of up to 1000’s Oe could be applied. DPC imaging was used 
to look in more detail at structures of particular interest and 
processed DPC image pairs yielded vector maps of the mag¬ 
netic induction averaged through the magnetic layers. 4 LAD 
was employed to quantify the total Lorentz deflection suf¬ 
fered by the electrons as they passed through the magnetic 


layers of the multilayer films and, as such, gave a direct 
measure of the net magnetization alignment in the multilayer 
stack. The LAD patterns were recorded from sample areas 
«=20 fim in diameter and the patterns were calibrated by 
reference to a standard diffraction grating specimen. 

II. RESULTS 

A Fresnel image of a typical fine domain structure in the 
14-layer sample at near-zero field is given in Fig. 1 (the 
applied field orientation is given by the double headed ar¬ 
row). This is the highest magnetic contrast state during mag¬ 
netization reversal. For comparison, some features of interest 
during magnetization reversal in the six-layer sample are 
shown in Fig. 2. As the field was reduced from saturation, 
fine striations which are similar to magnetization ripple were 
obs 'rved [Fig. 2(a)]. Reduction of the applied field to zero 
followed by a small increase in the reverse sense [Figs. 2(b) 
and 2(c)] led to an increase in the magnetic contrast and the 
formation of an irregular submicron domain structure similar 
to that observed in the original 14-layer film (Fig. 1). Thus 
the generic form of the domain structure formed during mag¬ 
netization reversal from a saturated state did not change 
when the number of magnetic layers was reduced to six. 



FIG. 1. Fresnel image of the near-zero field domain structure (H = 4 Oe) in 
the 14-layer sample. 
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FIG. ?. Fresnel images of magnetization reversal in the six-layer sample. 


Application of higher fields to the six-layer sample, 
however, introduced further complexities. In the presence of 
a greater reverse field, a high density of 360° wall structures 
formed as the irregular domain structure collapsed [Fig. 
2(d)]. Annihilation of these 360° wall structures required 
field values in excess of 350 Oe. These observations should 
be contrasted with what happened when the sample was de¬ 
magnetized along a minor hysteresis loop for maximum field 
values between 20 and 30 Oe. Under these circumstances 
much larger domains were nucleated [Fig. 3(a)]. Whilst in¬ 
creasing the field from this state once again led to the forma¬ 
tion of 360° loops, these spanned much larger areas than 
those in Fig. 1(d) as a consequence of their originating from 
the larger domains. Figure 3(b) shows such 360° wall struc¬ 
tures after the field was removed. Thus substantially different 
magnetic structures could be induced in the sample depen¬ 
dent on its magnetic history. 

We have investigated the small and large domain struc¬ 
tures discussed above [Figs. 2(c) and 3(a) ] using DPC mi¬ 
croscopy. One of a pair of DPC images for each of the small 
and large domain structures at zero field are given in Figs. 
4(a) and 4(b). While the large domains [Fig. 4(b)] are **»1 
/xm across, the dimensions of the small domains [Fig. 4(a)] 
are <31 /zm. Using pairs of DPC images sensitive to orthogo¬ 
nal induction components, the vector maps corresponding to 



FIG. 4. DPC images of (a) small and (b) large domain structures in the 
six-layer sample mapped along directions given by the double headed arrow, 
(c) and (d) are vector maps for the regions in (a) and (b), each with a 
scattergram inset. 



FIG. 3. (a) Large domains induced in the six-layer sample and (b) resulting 
360° wall structures. 


the regions shown in Figs. 4(a) and 4(b) were formed. These 
are given in Figs. 4(c) and 4(d) and clearly show spatial 
variations in magnetization orientation and magnitude on a 
sub-/Lzm scale. The inset in each vector map is a scattergram 
which can be thought of as a two-dimensional histogram of 
the in-plane induction components within each area 
mapped. 4 The scattergram in Fig. 4(c) indicates that all ori¬ 
entations of the projected induction and magnitudes below a 
certain limit (defined by the width of the scattergram) are 
present. The elongation of the scattergram in Fig. 4(d) is 
consistent with the horizontal directionality of Fig. 4(b) but it 
is clear that, as before, all magnitudes for the projected in- 
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FIG. 5. LAD patterns for (a) a 14-layer fcrromagnetically coupled sample at 
a region of ncar-180° domain walls; the fine domain states of (b) the 14- 
layer sample and (c) the 6-layer sample. 


duction from the maximum observed value down to zero are 
present. Similar observations were made on the 14-layer 
sample. 1 

Quantitative information on the magnitude of the pro¬ 
jected induction were obtained using LAD. For comparison 
purposes, an LAD pattern for a 14-layer sample containing 
magnetic layers of the same thickness but with intervening 
Cu interlayers of reduced thickness, thereby favoring parallel 
alignment of the magnetic layers, 1 is given in Fig. 5(a). This 
pattern is typical of one from a simple ferromagnetic film 
supporting in-plane magnetization and containing domains 
separated by =180° walls. The two lobes in the LAD pattern 
correspond to the two almost anitparallel domain magnetiza¬ 
tion orientations and the circumferential spread in the lobes 
is an indication of the magnetization dispersion in the 
sample. The expected Lorcntz deflection, fi L , for a 
multilayer supporting parallel magnetization alignment is 
given by (} L =(e\/h)lB 0 dt, where B 0 is the magnetic in¬ 
duction of the material, X is the electron wavelength, and the 
integral is evaluated over the thickness of the magnetic lay¬ 
ers. Assuming saturation magnetization values appropriate to 
bulk Co and permalloy, the expected value of fi L was calcu¬ 
lated to be 26 //rad. This compares reasonably with the ex¬ 
perimental value of 23 /xrad. 

The LAD patterns seen in Figs. 5(b) and 5(c) are very 
different to that in Fig. 5(a). They were taken from the fine 
domain structures seen in the 14- and 6-layer samples and 
closely resemble the scattergram of Fig. 4(c). Furthermore, 


despite the fact that the number of layers in the two samples 
differs markedly, the extent of the LADs are remarkably 
similar and substantially less than that of Fig. 5(a). Indeed 
most of the intensity in the diffraction patterns is within an 
angular radius of 6 //rad. This corresponds to =25% of the 
maximum deflection angle that would be obtained for the 
14-layer sample if the magnetization in adjacent layers was 
always parallel and =60% of the corresponding quantity for 
the 6-layer sample. Mure significantly the observed distribu¬ 
tions resemble what would be observed if, in different areas 
of the multilayer film, zero, two, and occasionally up to four 
layers were aligned parallel rather than antiparallel to each 
other. 

III. DISCUSSION AND CONCLUSIONS 

We have shown that complex domain structures, depen¬ 
dent on the magnetic history of the sample, exist in 
multilayer films with a composition that ensures a high value 
of MR and relatively low switching fields. In general, the 
magnetic contrast is rather low but neither it, nor the geom¬ 
etry of the structures, differs substantially in films compris¬ 
ing both 14 and 6 magnetic layers. A combination of DPC 
imaging and LAD has shown that whilst local areas exist 
within the films where the net magnetic deflection is zero, in 
most regions, the electrons suffer a small deflection as they 
pass through. This is consistent with an incomplete antipar¬ 
allel alignment of magnetization in adjacent layers through¬ 
out the multilayer stack. Furthermore, using LAD we have 
made a quantitative estimate of the extent to which parallel 
alignment is present and have shown that the parallel align¬ 
ment is usually between two layers, and rarely exceeds four 
magnetic layers. As similar results are found for both 14- and 
6 -layer samples, rather than there being a scaling with the 
number of layers, it is possible that parallel alignment is 
most frequently found near one or both film surfaces. Further 
investigations involving smaller numbers of layers should 
help to clarify this. We conclude that a contribution of elec¬ 
tron imaging and diffraction techniques provides information 
on magnetization processes in complex multilayer structures 
that would not be accessible by other experimental tech¬ 
niques. 

1 L. J. Heyderman, J, N. Chapman, and S. S. P. Parkin, J. Phys D 27, 881 

(1994). 

J S. S. P. Parkin, Appl. Phys. Lett. 61, 1358 (1992). 

3 J. N. Chapman, R. P. Ferner, L. J. Heyderman, S. McVitie, W A. P. 

Nicholson and B. Bormans, Inst. Phys. Conf. Ser. No. 138, Sec 1 (10P, 

Bristol, 1993), pp. 1-8. 

4 J. Zweck, J. N. Chapman, S. McVitie, and II. Hoffmann, J. Magn. Magn. 

Mater. 104-107, 315 (1992). 
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Distribution of current in spin valves (abstract) 

Bruce A. Gurney, Virgil S. Speriosu, Harry Lefakis, and Dennis R. Wilhoit 

IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 

We present a model describing the distribution of spin up and spin down currents within the layers 
of spin valve structures. With this model and experimentally determined bulk mean free paths we 
successfully describe a variety of experimental results, including the variation of resistance and 
magnetoresistance with both ferromagnetic and nonferromagnetic layer thicknesses, and the 
current-induced field acting on the ferromagnetic layers versus overall current. Our model is based 
on an approximate path integral solution of the Boltzmann equation for in-plane transport in a 
multiply layered structure. For a given orientation of the magnetizations it calculates the current 
density ; -<T (r) at each point r for each spin a throughout the structure. From j a { r) it is 
straightforward to obtain the current in each layer for parallel versus antiparallel magnetizations, or 
of the current density near interfaces relevant to electromigration. Included in our model are both 
spin dependent bulk scattering as well as scattering at interfaces, which are treated as thin layers. 
For example, in order to obtain quantitative agreement with experiments with permalloy based 
structures it is essential to include spin independent scattering arising from Fe and Ni atoms 
rendered nonferromagnetic next to the spacer due to interfacial intermixing. Our results bear directly 
on the fundamentals of GMR by successfully describing transport in spin valves using the measured 
bulk spin dependent mean free paths of the individual layers. Our results are also of technological 
interest because they predict how current affects the MR response to an external field. 


A comparison of the giant magnetoresistance and anisotropic 
magnetoresistance in Co/Cu sandwich films (abstract) 

B. H. Miller, E. Youjun Chen, a) Mark Tondra, and E. Dan Dahlberg 

School of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Minneapolis, 

Minnesota 55455 

By a systematic variation of structures, recent measurements conclude the scattering associated with 
the high resistance giant magnetoresistance (GMR) state occurs within 0.25 nm of the magnetic 
interface. 1 We have accomplished a similar measurement that does not require such stringent control 
of the sample structure. Instead, the present work uses measurements of the anisotropic 
magnetoresistance (AMR) in both the high resistance and low resistance GMR states. The samples 
are sandwiches of Co/Cu/Co/CoO with Co thicknesses ranging from 1 to 10 nm and Cu thickness 
of approximately 2.5 nm. The AMR is measured with the Co magnetizations aligned parallel to one 
another (the low resistance GMR state) and with the Co magnetizations aligned antiparallel to one 
another (the high resistance GMR state). The data show that the AMR in the antiparallel 
configuration is less than that in the parallel configuration. An analysis that relates the reduced AMR 
to the magnetic interfacial region giving rise to the high resistance GMR state indicates the 
scattering occurs within approximately 0.5 nm of the interface. 


Supported by AFOSR under Grant No. AF/FA 9620-92-J-0185. 

•'Currently at Nonvolatile Electronics, 11403 Valley View Road, Eden Prai¬ 
rie, MN. 

'S. S. P. Parkin, Phys. Rev. Lett. 71, 1641 (1993). 
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Enhanced magnetoresistance in chromium doped Fe/Cr multilayers 
(abstract) 

Noa M. Rensing and Bruce M. Clemens 

Department of Applied Physics and Department of Materials Science and Engineering, Stanford University, 
Stanford, California 94305-2205 

We report enhanced room temperature magnetoresistance of up to 11.4% in sputter deposited Fe/Cr 
multilayers when the iron layers are doped with additional chromium. To our knowledge, this is the 
largest room temperature magnetoresistance in polycrystalline Fe/Cr multilayers reported to date. In 
comparison, the magnetoresistance was 7.5% in a similar, undoped sample made at the same time. 

The magnetoresistance of antiferromagnetically coupled Fe/Cr multilayers has been the subject of 
considerable study in the past five years. We have investigated the possibility of doping the Fe layers 
with additional chromium, in order to increase the magnetoresistance by enhancing the spin 
dependent scattering. In one series of samples, the chromium dopant was concentrated into thin 
layers within the Fe layer. A 1 A layer of chromium (j monolayer) was deposited at a depth of 4, 

8 , or 15 A into the 30-A-thick iron layers of the multilayers. The magnetoresistance was enhanced 
in all of the samples, to 8% when the doping layer was at 4 A and to 10.5% in the others. In the 
second series of samples the iron layers were alloyed with between 1.5% and 50% chromium. The 
maximum magnetoresistance was 11.4%, observed in the sample with 20% chromium in the Fe 
layers. This is larger than the magnetoresistance in any of the samples where the Cr was 
concentrated in a thin layer within the Fe layer, but a given amount of chromium appears to be more 
effective in increasing magnetoresistance when it is concentrated in a layer rather than distributed 
as an alloy. A 1 A layer of Cr is roughly equivalent to a 3% alloy, but the alloyed sample only 
showed 8% magnetoresistance, in comparison to up to 10.5% in the samples with layered doping. 


Low field giant magnetoresistance and oscillatory interlayer exchange 
coupling in polycrystalline and (lll)-oriented permalloy/Au 
multilayers (abstract) 

S. S. P. Parkin, T. A. Rabedeau, R. F. C. Farrow, and R. Marks 

IBM Research Division, Almaden Research Center, San Jose, California 95120-6099 

The existence of oscillatory interlayer exchange coupling of ferromagnetic layers via (lll)-oriented 
noble metal spacer layers is controversial. We present evidence from magnetic and giant 
magnetoresistance studies for well-defined antiferromagnetic interlayer coupling in single 
crystalline (111) permalloy/Au multilayers. Four oscillations in the coupling are observed as the Au 
spacer layer thickness is increased. The oscillation period is =10 A which is significantly shorter 
than the period of =11.5 A predicted in Ruderman-Kittel-Kasuya-Yosida based models. Similar 
oscillatory interlayer coupling is found in polycrystalline permalloy/Au multilayers prepared by dc 
magnetron sputtering. The interlayer coupling strength is significantly weaker in the polycrystalline 
as compared to the (lll)-oriented crystalline samples. In both cases the coupling strength is weaker 
than in comparable structures containing Ag, for which the coupling is weaker than in similar 
structures containing Cu. The weakness of the antiferromagnetic interlayer coupling via Au leads to 
very low saturation fields, lower than for all other noble and transition metals. Indeed, the saturation 
fields are as low as just a few Oersted for sufficiently thick Au layers. Consequently, we find giant 
magnetoresistance values of =l%/Oe or greater at room temperature in polycrystalline permalloy/ 

Au multilayers. These values are the highest values yet reported in multilayer structures and are 
comparable to or greater than those recently reported in discontinuous permalloy/Ag multilayers. 
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Giant magnetoresistance at low fields in [(N^Fe^yAg^yJ/Ag multilayers 
prepared by molecular beam epitaxy (abstract) 

R. F. C. Farrow, R. F. Marks, A. Cebollada, M. F. Toney, D. Dobbertin, R. Beyers, 
and S. S. P. Parkin 

IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 

T. A. Rabedeau 

Stanford Synchrotron Radiation Laboratory, Stanford, California 94305 

The structural changes that accompany the development of GMR (giant magnetoresistance) at low 
(s=10 Oe) fields in annealed magnetic multilayers 1 are of current interest because of potential 
applications of such structures in sensors. In this paper we report a study of the development of 
GMR in [lll]-oriented multilayers comprising ferromagnetic films of a mixture of Ag and 
permalloy (Ni x Fej_ x , x~0.8) alternating with Ag spacer films. The multilayers were grown by 
molecular beam epitaxy (MBE) on Pt(lll) seed films on sapphire (0001) substrates at temperatures 
in the range 20 to 200 °C. The structure of the multilayers was investigated using x-ray diffraction 
and electron microscopy. For a series of multilayers grown with nominally identical ferromagnetic 
and spacer layer thicknesses, the magnetoresistance is found to be strongly dependent on both 
growth temperature and subsequent annealing temperature. The multilayers exhibited a negative 
magnetoresistance in the as-grown state which more than doubled when the growth temperature was 
increased from 20 to 100 °C. However, the highest magnetoresistance (peak 5.6%; maximum slope 
0.4% per Oe) was obtained by annealing (at 400 °C) multilayers grown at 100 °C. Transmission 
electron microscopy studies of such multilayers showed no evidence for discontinuities or 
penetration of the ferromagnetic films by Ag along grain boundaries. Thus, we conclude that 
discontinuous or granular multilayers with complete phase separation are not necessary for GMR 
with low saturation fields. 


The full article appeared in the 15 September 1994 issue of Journal of 
Applied Physics on p. 3688. 

'T L. Hylton, K. R. Coffey, M. A. Parker, and J. K. Howard, Science 261, 
1021 (1993). 
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Effects of domains on magnetoresistance (abstract) 

Shufeng Zhang and Peter M. Levy 

Department of Physics, New York University, New York, New York 10003 

Our present understanding of the giant magnetoresistance observed in magnetic multilayered 
structures is based on the premise that the layers are either monodomains or that the sizes of the 
domains are much larger than all other length scales (mean free path, spin-diffusion length, and 
layer thickness) relevant to the magnetoresistance. We extend our theory of magnetoresistance to 
include multilayers with small in-plane domains where there is the possibility that their size may be 
limited by columnar growth. 1 We study magnetoresistance in the presence of in-plane domains both 
for the current parallel and perpendicular to the plane of layers. The domain boundaries introduce 
additional scattering and the direction of the internal current will be different from that of the driven 
current. In the presence of spin-dependent scattering, a transverse spin current develops so that the 
current in each of the spin channels is “mixed” even without spin-flip processes. Analytical 
expressions will be given for limiting cases where the mean free path is either much larger or much 
smaller than the layer thickness and the domain size. We find that the domain size is a relevant 
length scale and contributes to the spin diffusion length \ sd | in the equations that govern the spin 
diffusion attendant to charge transport in magnetic multilayers. If one does not know the domain 
structure, nor the amount of spin-flip scattering, both mechanisms are equally plausible for 
producing spin diffusion which suppresses the magnetoresistance for the current perpendicular to 
the plane of the layers. 


Research sponsored by the Office of Naval Research. 
‘J. Bass (private communication). 
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Fe 16 N 2 : Giant Moment or Not 
(Panel Discussion) 


A. S. Arrott, Chairman 


The synthesis, structure, and characterization of o''-Fe 16 N 2 (invited) 

K. H. Jack 

University of Newcastle upon Tyne and the Cookson Group pic., United Kingdom 

Controversy about the magnetic properties of a"-Fe 16 N 2 thin films makes it desirable to examine 
bulk material. In the original preparation and crystal structure determination of cl' in 1951, 
N-austenite (y) prepared by nitriding or-iron powder at 700-750 °C was quenched to give 
N-martensite (a 1 ) which then gave a+ol’ on long tempering at 120 °C. The final product was a 
mixture of either a+d' or a+d'+y with less than 50%o". Recent repetitions of this preparative 
method in three different laboratories have given mixtures with varying amounts of a", again never 
greater than 50%, and with magnetic moments of a"—assessed from measurements made on the 
mixtures—that show considerable variation. Studies of a' tempering by XRD, and of d' 
precipitation from supersaturated N ferrite (a) by high-resolution TEM, both show that slow 
ordering of N atoms to produce d' occurs only after localized regions of a' and a reach the Fe 8 N 
composition by a clustering process. Thus a'-Fe g N can be obtained with a tetragonality cl a equal 
to that of a", but without the complete N ordering that is characteristic of Fe 16 N 2 . This might 
explain some of the variability in magnetic properties. The inhibiting effect of oxygen and other 
impurities on the nitriding of iron is emphasized, the existence of the a"-carbonitride Fe ]6 (C,N) 2 is 
noted, and possible methods for 100% production of bulk d' are suggested. 


I. INTRODUCTION 

a"-Fe 16 N 2 was discovered and its crystal structure deter¬ 
mined in 1951, 1 but its magnetic properties remained unex¬ 
plored until 1972 when Kim and Takahashi 2 reported an ab¬ 
normally high magnetization in films obtained by 
evaporating iron onto a glass substrate in low-pressure nitro¬ 
gen. The major phase was d\ and from the experimentally 
determined volume fraction its polarization was calculated as 
2.76 T, corresponding to an average moment of 2.9 fi B per 
Fe atom. This discovery, neglected for nearly two decades, 
has inspired much recent activity. Various techniques have 
been used to produce films on a variety of substrates with 
very variable results; 3-6 see Table I. Most remarkably, Sugita 
and co-workers 4,5 claim single-crystal d' films, prepared by 
MBE on Gao 8 In 0 2 As substrates, with a moment per Fe atom 
of 3.2 at room temperature. At the other extreme, Taka¬ 
hashi and his colleagues more recently report 6 that films pro¬ 
duced both by plasma evaporation and by sputtering show no 
abnormally large magnetization. A “giant magnetic mo¬ 
ment” seems incompatible with band theory; three indepen¬ 
dent calculations 7-9 based on the structure of a"-Fe 16 N 2 give 
an average moment of 2.4 p B per Fe atom, i.e., only about 
10% higher than that of a-iron. 

Because of the controversy engendered by these widely 
different observations, it seems essential to measure the 
properties of pure, bulk samples of a"-Fei 6 N 2 . So-far, this 
has been attempted in three different laboratories, 10-12 but 
again with different results. Reasons for the variability of 
products and possible methods of meeting the objective are 
suggested in the present paper. 


II. ORIGINAL PREPARATION AND 
CHARACTERIZATION OF a"-Fe 16 N 2 

a"-Fe 16 N 2 was first prepared during an investigation of 
the Fe-N system. The solubility of molecular nitrogen in iron 
is negligible and so Fig. 1 is not a true equilibrium diagram 
because the nitrogen is not at one atmosphere pressure. Dif¬ 
ferent phases and exact compositions within a phase are 
readily obtained by nitriding with NH 3 :H 2 gas mixtures in 
which the N potential, a N = k.p NH} /p j 1 / 2 , can be precisely 
controlled. 

N-3US*enite (y) exists above 590 °C and is a fee arrange¬ 
ment of Fe atoms with N randomly occupying up to one in 
ten of the octahedral interstices. The / nitride Fe 4 N also has 
a fee Fe-atom arrangement but with on? in four of the octa¬ 
hedral holes occupied in a perfectly ordered manner; see 
Figs. 2 and 3. 

When y is quenched rapidly from above 600 °C the Fe- 
atom arrangement changes from fee to approach that of bcc 


TABLE I. Magnetic properties of al' thin films. 


Reference 

Method 

(J T -1 kg -1 ) 
(emug ') 

J. 

(T) 

(10 4 G) 

Aa 

per Fe atom 

2 

sputtering 

296±14 

2.76±0.13 

2.9+0.2 

3 

N ion 

implantation 

256 

2.40 

2.5 

4,5 

MBE 

o 

7i 

o 

i-t 

2.9±0.1 

3.2+0.1 

6 

(i) sputtering 

218 

2.0 



(n) plasma 

235 

2.2 


a-Fe 


220 

2.15 

2.2 
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Nitrogen wt.‘/. 

FIG. 1. The Fe-N phase diagram. 


a-Fe. However, the N atoms have insufficient time to move 
from the interstices they occupied in the austenite and the 
extra holes created by the fcc-bcc transition remain empty. 
The result is a be tetragonal martensite (a') of the same 
composition as the parent austenite, and where up to a maxi¬ 
mum of one in ten of the holes at the midpoints of the c 
edges and the centers of the C faces are occupied by N (the 
N 2 sites). Figure 4 shows a variable position for the Fe at¬ 
oms; where a hole is occupied, the Fe atoms are pushed apart 
in the c direction; when the hole is empty the Fe-atom posi¬ 
tions are the same as in a-Fe. Dimensions of unfilled and 
filled octahedra are shown by Fig. 5. 


/-Nitrogen austenite 



Iron atoms 

0 Octahedral interstices, 
1 in 10 randomly tilled 

FIG. 2. y phase, N-austenite. 


r-Fe 4 N 



X Unoccupied interstices 


Nitrogen atom 

FIG. 3. y phase, Fe 4 N. 

When N-martensite (a'), obtained by quenching y, is 
tempered below 590 °C, the phase diagram indicates that the 
products should be a+y'. Instead they are a+a". The 
Fe] 6 N 2 unit cell (Fig. 6) consists essentially of eight (2 
X2X2) distorted bcc cells of a-Fe with N atoms occupying 2 
of the 48 octahedral interstices in a perfectly ordered manner, 
i.e., 2 of the 16 N 2 sites with 16 N* and 16 N y sites com- 



FIG. 4. a' phase, N-martensite. 
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. 287A —- 2 75A. 

FIG. 5. Unfilled and filled octahedra in bcc a-Fe. 

pletely empty. The Fe atoms are in three different crystallo¬ 
graphic sites: 4(e) and 8(h) which form the octahedra coor¬ 
dinating the two N atoms and which, within experimental 
error, are all equidistant from a N atom; and sites 4(d) which 
have no nearest N-atom neighbors. 

Figure 7 shows that cl' viewed along [110] is a distorted 
y'Fe 4 N with alternate N atoms missing. Thus, in both struc¬ 
ture and composition, Fe 16 N 2 (=Fe 4 N 05 ) is midway between 
bcc a-Fe and fee y'-Fe 4 N. In all the Fc-N phases (a, a', a", 
y, and y') the filled octahedra (NFe 6 ) are all the same size; 
only their numbers and distribution change. 

III. THE FORMATION OF a' AND a!' PHASES 

Figure 8 shows x-ray powder photographs of 
N-martensites (a') prepared by quenching austenites (y). As 
the N content increases, the increasing tetragonality of a' is 
shown by the increasing separation of the component reflex¬ 
ions of the “tetragonal pairs” A/2, A/4, A/6, and A/8, i.e., 
(101) and (110), (002) and (200), etc. The maximum N con¬ 
tent of y, and hence of the a' that forms from it, is >10 
N/100 Fe and so it never reaches Fe g N (12.5 N/100 Fe). 
Even the highest N-martensite must give a-Fe+ cl' on tem¬ 
pering; it can never give pure a". Further, a is not produced 
isothermally from y. It is formed only during cooling, and 





FIG. 7. The structure of a" considered as a distorted fee lattice. 


the M s temperature—the temperature at which transforma¬ 
tion starts—decreases as the N concentration increases. For 
high-N contents which might be expected to produce high-N 
a' phases and hence purer Fe ]6 N 2 , M s is at subzero tempera¬ 
tures. Also, the stresses set up when y transforms to a in¬ 
hibit further transformation and the effect increases as M s 
decreases. 

To summarize, low-N-content austenites produce, by 
quenching and then tempering, a mixture of a+ a" with only 
a small proportion of a". High-N austenites produce more 
cl', up to perhaps 50%, but with some a and a large amount 
of nonmagnetic retained austenite (y). 

It is also important to appreciate that when a' is tem¬ 
pered at low temperatures, the cl' does not form instanta¬ 
neously. The N atoms in localized regions gradually cluster 
together to produce a martensite of higher N content and 
hence of greater tetragonality with concurrent formation of 
ferrite. Figure 9 shows x-ray photographs of N martensite 
(2.0 wt % N; 8.1 N/100 Fe) aged at 80 °C. With increasing 
time, the separation of the paired reflections A/2, A/4, .... 
M 10 gradually increases, showing increasing tetragonality 
and hence increasing N concentration of a'; compare Fig. 8. 
Even when the tetragonality cl a reaches that of a", corre- 


y N atoms 
1M 

Fe atwns 
56 

7 $ 

9.0 

9.1 


FIG. 8. X-ray powder photographs of N martensites (with retained y) with 
increasing N content. 
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FIG. 9. X-ray powder photographs of N martensites (2.0 wt % N-8.1 
N/100 Fe) aged at 80 °C for increasing times. 

sponding to an ct composition Fe 8 N, weak reflections due to 
N-atom ordering that are characteristic of the Fe 16 N 2 struc¬ 
ture are not observed; these appear only after further pro¬ 
longed tempering. 

IV. AGING NITROGEN FERRITE 

Another way of producing a"-Fe 16 N 2 is by precipitation 
from supersaturated N ferrite. The solubility of N in a-Fe is 
a maximum at 590 °C, 0.1 wt %=0.4 at. %. On quench aging 
a containing -0.07 wt % N, the phase diagram of Fig. 10 
indicates that y-Fe 4 N should be precipitated. Instead, optical 
and electron micrography, XRD, and electron-diffraction evi¬ 
dence, together with the hardness curves of Fig. 11, show 
that at 250 °C ol' is first precipitated within seconds and then 
dissolves and is replaced by equilibrium y. At 120 °C the ol' 
remains and is transformed to y only after very long times. 
After 10 h aging at room temperature the quenched ferrite 
shows a remarkably high hardness for such a small N con¬ 
centration with no evidence from optical microscopy of any 
precipitation. Only an electron micrograph at a magnification 


Fe - N 



FIG. 10. Part of the Fe-N system. 
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FIG. 11. Hardness curves for quench-aged N ferrite, 0.07 wt % N. 


of -0.5X10 6 reveals a structure identical with the classical 
Guinier-Preston zones in Al:4 wt % Cu; see Fig. 12. 

A combination of techniques, (i) x-ray measurements of 
unit-cell dimensions, (ii) internal friction, (iii) transmission 
electron microscopy, and x-ray and electron diffraction, al¬ 
lows the complete quantitative characterization of nitrogen in 
iron and iron alloys; see Jack 13 and references therein. Nitro¬ 
gen in the aged N ferrite (a) of Fig. 12 is clustered as a 
nonrandom solid solution of disc-shaped GP zones. Figure 
13 is an (002) lattice image of a containing 0.05 wt % N, 
i.e., Fe 500 N, after aging for 15 h at 23 °F. The (002) interpla- 
nar spacing of 1.49 A within the cluster corresponds with a 
composition Fe 20 N whereas the adjacent ferrite with which 
the cluster is completely coherent has the N-free spacing of 
a-Fe, i.e., 1.43 A. Further aging continues to increase the N 
content in the localized clustered regions until, after reaching 
Fe 8 N, N ordering slowly occurs to give a"-Fe, 6 N 2 . The 1.57 
A spacing shown in Fig. 14 is not unequivocal evidence of 
ol" even though this is the d value for (004) of ol’ for which 
c = 6.28 A. The same d value is shown by the (002) planes 



FIG. 12. TEM of Fe:0.07 wt % N quench-aged 16 h at 21 °C; foil normal 
[ 001 ]. 
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FIG. 13. (002) lattice image of a N cluster (Fe 20 N) in Fe:0.05 wt% N 
(Fe J00 N) aged 15 h at 23 °C. 



FIG. 14. (004) lattice image of a''-Fe, 6 N 2 in Fe:0.05 wt % N aged 46 h at 
100 °C. 
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FIG. 15. Stress-oriented N-atom clusters in aged Fe:0.06 wt % N. 

of a'-Fe g N and evidence of the N-atom ordering character¬ 
istic of o"-Fe 16 N 2 comes from additional reflections in the 
electron- and x-ray-diffraction patterns. 

It is worth noting that aging under an applied mechanical 
stress produces clusters and then a" platelets in only one 
preferred cube orientation. As shown in Fig. 15, the plane of 
the plates is perpendicular to the applied extensive stress. 

The aging of N ferrite fully supports the evidence of 
N-martensite tempering that a'-Fe g N is obtained in a penul¬ 
timate stage with a tetragonality c/a equal to that of a" but 
without the N-ordering characteristic of Fe 16 N 2 . 

V. BULK «"-Fe 16 N 2 

The production of bulk a" as powders or foils has fol¬ 
lowed essentially the 1951 preparative method via y and a'. 
For reasons given in Sec. Ill, all three laboratories have pro¬ 
duced mixtures, the phase compositions of which have been 
determined by either XRD 10 or Mossbauer spectroscopy. 11,12 
Huang et al. 10 claim 56% a" with 7^=2.6510.15 T corre¬ 
sponding to 2.9510.15 fi B per Fe atom—a 34% increase 
over that of a-Fe. Coey et al. n produce >40% cl' with 
smaller magnetization values of 7 s = 2.3l0.2 T and 2.45 
10.15 /m b at ~0 K; these are only about 10% higher than for 
a-Fe but are in broad agre iment with the band-structure cal¬ 
culations. Bao et al. n start from hydrogen-reduced Fe 2 0 3 
and convert up to 30% into ol'. They claim that the measured 
moment is in agreement with a “dramatically large magne¬ 
tization,” i.e., <7^=310 ernug" 1 , but the experimental evi¬ 
dence for this is not convincing. 

VI. DISCUSSION AND CONCLUSIONS 

The limited work so far carried out on bulk a"-Fe 16 N 2 
has not resolved the controversy concerning the existence of 
a giant magnetic moment iron nitride. This is partly due to 
preparative limitations whereby less than 50% of the product 
mixture is cl'. The variation in the magnetic properties of 
thin films is explicable by differences in N-atom ordering, 
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FIG. 16. Phase diagrams: (a) Fe-Mn, (b) Fe-Co, (c) Fe-Ni. 


and the existence of a'-Fe 8 N which, superficially, is indistin¬ 
guishable from «"-Fe 16 N 2 but which might have different 
magnetization values. 

Bulk preparation of 100% cl' is essential. By the conven¬ 
tional route this is possible by extending the N content of y 
until it includes Fe 8 N. Only three elements, Mn, Co, and Ni. 
are y stabilizers and extend the y-phase field. From the phase 
diagrams of Figs. 16(a)-16(c), additions to Fe of Mn and Ni 
reduce markedly the M s temperature but Co does not. Al¬ 
though detailed phase relationships in the Fe-Co-N system 
are not known, it is suggested that small alloying additions of 
Co would extend the y-phase limit to include (Fe,Co) 8 N. The 
M s temperature will not thereby be lowered and it is not 
expected that Co additions will reduce the magnetization of 
the final ol' phase. 

It is well established 14 that alloying elements which 
lower the activity coefficient of N in Fe (i.e., / £ where, for 
example, X is Mo, Mn, Ta, Cr, Nb, V, and Ti) also stabilize 
the transformation stages of the homogeneous precipitation 
to temperatures higher by about 500 °C. Small additions of 
these elements might be expected to stabilize a"-(Fe^) 16 N 2 
to temperatures of 600-700 °C. 

It is also established that both the quench aging of 
carbon-nitrogen ferrite 15 and the tempering of carbon- 
nitrogen martensite 16 give an </-Fe 16 (C,N) 2 carbonitride 
phase. The effects of carbon on the properties and stability of 
o/' are not known. 

These observations suggest that there is ample scope for 
a wide exploration of cl' alloy phases that might be more 
easily prepared and have greater thermal stability than the 
pure a"-Fe-N phase. 

The possibility of nitriding at low temperatures by me¬ 
chanical alloying is attractive but, although a supersaturated 


bcc Fe-N phase with up to 14.5 at. % N is claimed 17 in Japan 
by ball-milling iron powder in NH 3 at room temperature, 
there is no trace of cl' and the magnetization decreases rap¬ 
idly as the N concentration increases. Similar negative re¬ 
sults were obtained by Foct 18 in France. 

At temperatures where ol' is relatively stable (>250 °C), 
its nitrogen activity a N is higher than that of the more stable 
y'-Fc 4 N and so a higher nitrogen potential is required to 
produce it by gaseous nitriding; surface nucleation of y' 
must be avoided. By the conventional y-> <*'—>»" route, low- 
N-content austenite transforms completely to low 
N-martensite which, on tempering, gives ol'+a. If this 
mixed phase, prepared as a finely divided (10 /im) powder, is 
then nitrided in the appropriate NH 3 :H 2 gas mixture at 
<250 °C the a" regions will act as nuclei and will grow at 
the expense of a, eventually producing 100% a". In nitrid¬ 
ing, the slowest rate-controlling step is at the surface, and so 
it is essential to maintain a scrupulously clean surface and 
clean grain boundaries. Adsorped oxygen or other active spe¬ 
cies (e.g., sulfur) will inhibit completely the nitriding reac¬ 
tion. Even at 200 °C the diffusivity of N in Fe is high enough 
to ensure homogeneity of 10 /z powder particles provided 
that surfaces are perfectly clean. It is now suggested that this 
juench tempering of low-N-content y, followed by low- 
temperature gaseous nitriding, should also be explored to 
produce 100% a"-Fe 16 N 2 . 
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The metastable o"-Fe 16 N 2 phase may have a magnetic moment up to 50% higher than that of pure 
bulk a-Fe. This article addresses the following issues, (i) Can epitaxial films of o"-Fe 16 N 2 be 
prepared phase pure? Yes, but there are some doubts, (ii) Can powders of a"-Fe 16 N 2 be prepared 
phase pure? Not yet. (iii) Is the Mossbauer spectrum due to a”-Fe 16 N 2 , to martensite, or to 
something else? Most assign it to o"-Fe 16 N 2 . (iv) What is the specific saturation magnetic moment 
of a"-Fe 16 N 2 ? Some claim it is close to that of a-Fe, most claim that it is much larger, (v) Is the high 
moment due to a"-Fe 16 N 2 , or to some other phase? 


I. INTRODUCTION 

In 1950 Jack first reported 1,2 the metastable phase 
a -Fe, 6 N 2 in a study of the Fe-N phase diagram, which re¬ 
sembles the Fe-C phase diagram. 3 The o/'-Fc l6 N 2 phase is 
formed from a'-A-martensite Fe*N with 6<x<ll, in the 
temperature range 150 °C<T<300 °C by a nitriding, 
quenching, and tempering process. 2 It also precipitates at the 
strain boundaries of supersaturated “nitrogen ferrite” 
(ft-Fe^N) and during the normal aging of a'-A-martensite. 4 

Kim and Takahashi reported a high magnetic moment 
(saturation magnetic flux density B s = 2.58 T) in a polycrys¬ 
talline Fe-N film, deposited by Fe evaporation in N 2 on a 
glass substrate, and attributed these dramatically large values 
to the partial presence of a"-Fe 16 N 2 (estimated B s = 2.83 T); 5 
this synthesis could not be replicated 6 This B s for a"-Fe 16 N 2 
was about 30% larger than that of bulk a-Fc (B s =2.20 T). 7 

Sugita and co-workers 8,9 formed thin films of o , '-Fe 16 N 2 
by molecular beam epitaxy on Fe(100)|GaAs(100); B s was 
largest (2.66 T) for the thinnest (7 nm) films. 9 B s rose to 2.8 
T for 100 nm films. 10 Nakajima and Okamoto implanted N 2 
in epitaxial a-Fe|MgO(100), to get partially ordered 
a'-A-martensite and a"-Fe 16 N 2 ; annealing in vacuum at 
150 °C increased the o"-Fe 16 N 2 fraction from 16 to 24 wt %, 
but the magnetic moments were not dramatic. 11 

Gao and Doyle formed o"-Fei 6 N 2 on sputtered single 
layer Fe-N films, with a specific saturation magnetic moment 
of 247 emu g -1 . 12 An effort to get </-Fe 16 N 2 from a-Fe and 
y'-Fe 4 N at 300 °C failed. 13 Takahashi and co-workers re¬ 
ported on sputtered films containing a"-Fe 16 N 2 , but the mag¬ 
netic moments were low. 14 

A practical synthesis of a"-Fe 16 N 2 has been sought in 
acicular 15 or equant 16 small particles, in larger particles, 17-19 
and in large particles and foils. 7 Opinions differ on the large 
reported magnetic moment: Coey wonders whether one is 
looking “at revolutionary results or egregious errors.” 20 

II. SYNTHESIS 

a"-Fe 16 N 2 was first made by nitriding Fe, quenching, 
then tempering 3 (Table I). One can start with y-Fe 2 0 3 (ob¬ 
tained from goethite y-FeOOH), reduce it to a-Fe by H 2 gas 
at 450 °C, nitride under H 2 :NH 3 gas (volume ratio 7:1 to 
10:1) at 650-700 V, quench the resulting y-A-au„tenite to 


77 K, thus forming a'-A-martensite, then temper the sample 
under N 2 gas at 120-200 °C for several hours, yielding 
a"-Fe 16 N 2 . 15 There is a time-to-temperature (TIT) diagram 
for its formation. 21 

A second approach is to strain or age a'-A-martensite: 
oriented needles of o"-Fe 16 N 2 grow at the strain 
boundaries. 22- 25 A third method is to grow Fe films epitaxi¬ 
ally, under a lo\ '-pressure NH 3 -N 2 gas, by molecular beam 
epitaxy (MBE), on GaAs(lOO) 9 or on In 02 Ga 08 As(100). 26 A 
fourth way is to grow an Fe film on MgO(lOO), and then 
implant N 2 ions. 11 The first and second methods cannot usu¬ 
ally provide phase-pure a"-Fe ]6 N 2 ; the third and fourth 
methods can yield better purity, but in impractically small 
samples. 


III. PHYSICAL PROPERTIES 

o , '-Fe 16 N 2 crystallizes in the tetragonal space group 
I4/mmm, with three unique Fe positions 2 (Table II). Table 
III lists the x-ray reflections of A'-Fe 16 N 2 and of other phases 
(a-Fe, y-A-austenite, y'-Fe 4 N, or a'-A-martensite) at the N 
mol fractions Y n at which the phases are stable closest to the 
theoretical Y N =0.111 of a"-Fe 16 N 2 . Many reflections are 
overlapped. 

The structure evolves from a-Fe to a'-A-martensite to 
a('-Fe I6 N 2 , as one adds N atoms gradually in the structure 
and tempers it. 2,3 In pure a-Fe (bcc), one should consider the 
“empty” octahedron of four next-nearest neighbor Fe atoms 
in the ab plane (“equatorial” Fe-Fe distance=2.866 A), plus 
two body-centered Fe atoms along c above and below that 
plane (“axial” Fe-Fe distance=2.866 A, axial Fe-equatorial 
Fe distance=2.482 A): in its center is the “octahedral hole.” 
In the solid solution of N in Fe called a'-A-martensite, the 
entry of an N atom into this hole distorts the octahedron: for 
Y N =0.0859, there is a contraction in what becomes the mar¬ 
tensitic a a 'b a ’ plane (equatorial Fe-Fe distance=2.75 A), 
and a dilation in the c a < direction (axial Fe-Fe distance=3.88 
A); these empty and “filled” octahedra occur randomly 
along the three axes, to yield a tetragonal unit cell with sides 
a a ' = b a > = 2.850 A, c a -=3.091 A for Y N =0.0859. 3 The 
martensitic nearest-neighbor Fe-N distance (octahedral coor¬ 
dination of Fe around N) is 1.94 A . 3 ' 36 
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TABLE I. Synthesis conditions (Lab. code: CAM=University of Cambridge, CMU=Camegie-Mellon U., DUT=Delft University of Technology, HIT 
=Hitachi Research Laboratory, LBL=Lawrence Berkeley Laboratory, NAG=Nagaoka University of Technology, TCD=Trimty College Dublin, TOU 
=Tohoku University, UAL=University of Alabama). 


Lab. 

Starting 

Sizes 

Heating temp./°C 

Quench 

Tempering temp/C 

code (Ref) 

material 

fxm 

[time] (NH 3 : Hj) 

temp./°C 

[time] atmosphere 

CAM (3) 

a-Fe powder 1 

<53 fim 

700-750[?] (1:5-1:20) 

25 

120 [7-19 d] 

CMU(17) 

a-Fe powder 

6-9 /xm 

660-670 [2-3 h] 

-196,-269 

120-150 [0.5-2 h] vac 

DUT(4) 

a-Fe foil 

r =200 fim 

742-877 

-196 

200 [?) 

LBL(27) 

a-Fe foil 

r =100 /j. m 

590 (1:9) 

-50 

< 200 [?] 

TCD(7) 

a-Fe powder 

30 /im 

760 [several h] 


120 [7 d] 


a-Fe foils 

t= 25,100 /tm 

760 [several h] 


120 [7 d] 

UAL(15) 

^Fe 2 0 3 

300X60X60 nm 

650-700 (1:7-1:10) 

-196 

120-200 [1-4 h] N 2 

UAL(IS) 

Fe 085 Mno, 5 SO4 

300X60X 60 nm 

650-700 (1:7-1:10) 

-196 

120-200 [1-4 h] N 2 

UAL(16) 

Feo 93Mno 07 (^ 03)2 

70X70X 70 nm 

650-700 (1:8-1:10) 

-196 

150 [2-6 h] N 2 

Lab. 

Substrate 

Thickness 

Conditions 



HIT(9) 

Fe||GaAs(100) 

7-100 nm 

MBE 30 nm Fe (0.5 A/s, T= 

: 300 °C)+Fe(0.04 A/s, 7= 

150 °C)+N 2 5X10 ~ 4 Torr 

HIT(28,29) 

InGaAs(OOl) 


MBE 



HIT(30) 

InGaAs(001) 

50 nm 

MBE: Fe(0.004 A/s, 7=150 

°C+N 2 : NH 3 (4-9:1)10~ 5 - 

o 

f 

4k 

5 * 

3 

NAG(31) 

Fe||glass 

200 nm 

Sputt.; 150 keV Nj implantation (2-4X10 16 cm -2 ) 


NAG(11,32,33) 

Fej|MgO(100) 

200 nm 

Sputt.; 80-150 keV NJ impl. (1-11X10 16 cm _ 2 )+ann. 


TOU(14) 

MgO 

200 nm 

Qc plasma evaporation; annealing at 150 °C for 2 h 


TOU(14,34) 

MgO 

30-3000 nm 

Sputtering; Ar+N 2 ; annealing at 150 °C for 2-20 h 


TOU(35) 

MgO 

3000 nm 

dc sputt. on MgO+5 nm Fe(001), Ar+N 2 air, ann. 


UAL(12) 

Glass 

200-250 nm 

rf sputtering Fe+N 2 (15 sccm)+Ar (6 mTorr) 



*Mn added to stabilize the y/V-austenite phase at room temperature. 


As tempering proceeds, a collective reorientation of the 
martensitic c a < axes occurs, clusters or Guinier-Preston 
zones form, and finally, a full ordering ensues into the tetrag¬ 
onal o"-Fc| 6 N 2 structure: the unit cell axes become 
a a"~b a " = 5.72 A (**2a a ), and ^'=6.30 A. 37 In 
a"-Fe 16 N 2 , the N atom is surrounded by a distorted octahe¬ 
dron of Fe atoms: four equatorial Fe3 atoms at 2.01 A, two 
axial Fe2 atoms at 1.95 A. Atom Fel, at Wyckoff site 4d, 
does not have close N atoms, and should most resemble Fe 
in a-Fe. Atom Fe2 (4c) has a distorted octahedron of neigh¬ 
bors: one axial N, four equatorial Fe3, and one axial Fe2. 
Atom Fe3 (8/i) has seven closest neighbors: one N, two Fe2, 
and four Fel. The inclusion of N causes very close Fe-Fe 
distances (Fe2-Fe2 and Fe2-Fe3). One can designate Fe2 as 
Inn, Fe3 as 2nn, and Fel as 3nn: this indicates the first, 
second, and third nearest-neighbor Fe atoms to the N atom. 
In a'-//-martensite the Fe-N distance is quite different for 
Inn than 2nn, while in o , '-Fe 16 N 2 they are very close. The 
paucity of diffraction data for a"-Fe 16 N 2 gave only approxi¬ 
mate values of the parameters z/c (Fe2), and x/a (Fc3). 2 
a"-Fe 16 N 2 is most likely a daltonide, or “line phase,” with 
precise N stoichiometry. 2,3 


The 002 and 006 reflections have been seen for epitaxial 
and sputtered thin films 10,12,33,35,38 j, ut not j n p 0W( j er 
samples. 2 

One can determine the uptake of N in y-JV-austenite or 
a'-JV-martensite from the unit cell constants, 17,36 using the 
equations in Table III. One can assess the mol fractions of 
the various phases by calculating 17,18 x-ray line profiles from 
the solved crystal structures. 39 

For epitaxial films, the relative crystal orientation is 
a"-Fe 16 N 2 (110)||Fe(001), and o"-[00l||Fe [110], 9,30 and 
o"-Fe 16 N 2 (001)||lnGaAs(001). 29,3 ° For sputtered films on 
MgO, the orientations are a"-Fe 16 N 2 (001)||MgO(001) and a" 
[110]||MgO [100], or a"(211)||MgO(101) and a" [011]||MgO 
[001]. 14 

TEM diffraction patterns for 7 nm films of 
a"-Fei§N 2 ||Fe||GaAs show the less intense reflections 200, 
020, 020, 200; and the more intense ones: 100, 220, 040, 
220, 220, 040, 220, and 400. 9 Similar results were seen for 
films of a"-Fei 6 N 2 ||Fe(001)||lnGaAs(001), 29 and for sputtered 
films. 12 TEM of a"-Fe 16 N 2 has been seen in fine powders. 16 

Spin-polarized linearized muffin-tin orbital calculations 
yield magnetic moments at the three sites of a"-Fe 16 N 2 


TABLE II. Crystal structure of a"-Fe 16 N 2 : body-centered tetragonal (a =5.72 A, c=6.29 A, space group Hlmmm, #139) (Refs. 1,2). 


Site 

Site symm. 

xla 

ylb 

zlc 

First [second] coordination 

Fe-N 

N 

2a(4/mmm) 

0 

0 

0 

2 Fe 2 @ 1.95 A, 4 Fe3 @ 2.01 A [8 Fel @ 3.24 A] 


Fel 

4<f(4m2) 

0 

1/2 

1/4 

8 Fc3 @ 2.55 A [4 Fe 2 @ 2.86 A] 2 N @ 3.26 A 

3nn 

Fe2 

4e(4mm) 

0 

0 

0.31 

1 N @ 1.95 A, 4 Fe3 @ 2.33 A, 1 Fe 2 @ 2.39 A 
[4 Fe3 @ 2.80 A, 4 Fel @ 2.86 A] 

Inn 

Fe3 

8h(mm) 

0.25 

025 

0 

1 N @ 2.01 A, 2 Fe 2 @ 2.33 A, 4 Fel <o> 2.55 A 
[2 Fe 2 @ 2.80 A, 4 Fe3 @ 2.84 A] 

2nn 
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TABLE III. X-ray reflections (d) at the specified mol fraction of nitrogen , phase codes (F,4,8,A,M), relative intensities (to different scales), and Miller 
indices hkl, for the phases ar-Fe (code: F; a =2.866 45 A) (Ref. 40), y*Fe 4 N (code: 4; a =3.795 A) (Ref. 41), a ,, -Fe 16 N 2 (code: 8; a =5.72 A, c=6.29 A) (Ref. 
2), y-JV-austenite (code: A; a= 3.646 forX N =0.0868 using a = 3.5718 + 0.472 48^+4.3627^ recalculated from Ref. 3; stability range3f N =0.0-0.0868 
or 0.106) (Refs. 3,42,43), and a '-^-martensite (code: M; u =2.850, c=3.090 for AT N =0.0868 using a = 2.8659-0.002 69^-2.0943^ and 
c=2.8665+2.965 15X N -4.524 34 Xn recalculated from Ref. 3; stability A' N =0.0-0.0868 or 0.1064) (Refs. 3,42,43). 


dlk 


Phase 
(Rel. int.) 

hkl 

dlk 


Phase 
(Rel. int.) 

hkl 

3.145' 

0.111 

8 (-) 

002 

1.241) b 

0.111 

8(28) 

224) 

2.483 

0.111 

8 ( w) 

112 

1.239) b 

0.111 

8 ( 28) 

332) 

2.191 

0.20 

4( 100) 

111 

1.229 

0.111 

8 (-) 

105 

2.105 

0.0868 

A( ~90) 

111 

1.226 

0.0868 

M( 31) 

112 

2.116 

0.111 

8 (-) 

202 

1.191 

0.0868 

M( 100) 

211 

2.027 

0.0 

F( 100) 

110 

1.187) 

0.111 

8 (86) 

314) 

2.022 

0.111 

8 ( 61) 

220 

1.185) 

0.111 

8 ( 86) 

422) 

1.968 

0.111 

8 ( w) 

103 

1.170 

0.0 

F( 30) 

211 

1.898 

0.20 

4( 77) 

200 

1.144 

0.20 

4( 83) 

311 

1.823 

0.0868 

A( ~51) 

200 

1.099 

0.0868 

A( ~100) 

311 

1.626 b 

0.111 

8 (8) 

213 

1.096 

0.20 

4( 38) 

222 

1.573) b 

0.111 

8 (11) 

004) 

1.058) b 

0.111 

8 ( 43) 

404) 

1.568) b 


8 ( 11) 

312) 

1.057) b 

0.111 

8 ( 43) 

512) 

1.545 

0.0868 

M( 22) 

002 

1.053 

0.0868 

A( "X44) 

222 

1.466 

0.111 

8 (-) 

114 

1.048* 

0.111 

8 (~) 

006 

1.433 

0.0 

F( 20) 

200 

1.015) 

0.111 

8 ( 61) 

116) 

1.430 

0.111 

8(25) 

400 

1 .011) 

0.111 

8 ( 61) 

440) 

1.425 

0.0868 

M( 68) 

200 

1.013 

0.0 

F( 10) 

220 

1.342 

0.20 

4(67) 

220 

0.986) b 

0.111 

8 ( 46) 

325) 

1.289 

0.0868 

A( -48) 

220 

0.984) b 

0.111 

8 ( 46) 

206) 

1.265 

0.111 

8 ( 6) 

323 

0.949 

0.20 

4(44) 

200 





0.906 

0.0 

F( 12) 

310 


“Seen only in thin films (Refs. 10, 12, 14, 33, 35, and 38). 

b a ,, -Fe 16 N 2 reflections that are fairly intense and do not overlap badly with other reflections. 


(Table IV), and moments close to experiment for Fe 3 N and 
for y'-Fe 4 N. 7,44 An augmented spherical wave calculation 
has been done. 45 The maximum magnetic moment is as¬ 
signed to site Fel. The average calculated values are consid¬ 
erably below the large experimental thin-film values. 

There are qualitative similarities between the Fe-N and 
Fe-C phase diagram. In the Fe-N diagram, the ordered N-Fe 
compounds (line phases, with narrow ranges of Z N ) are 
y'-Fe 4 N and £-Fe 2 N; (/-Fe^Nj is a metastable line phase; 
the phases y and e ate stable for wide ranges of A N ; 
a'-iV-martensite is metastable over a moderate range of A N . 

The name a"-Fe 16 N 2 denotes the occupancy of the unit 
cell and its evolution from a-Fe and a'-rV-martensite. An 
alternate name Fe 8 N has been used. 13,15,45 ' 48 

The Mossbauer data for a"-Fe 16 N 2 are collected in Table 
V, together with comparable data for other phases of interest 
(a-Fe, a -//-martensite, y'-Fe 4 N). 


The Mossbauer spectrum of a"-Fe 16 N 2 differs from that 
of a'-iV-martensite. The three sextets seen for a"-Fe 16 N 2 can 
be assigned with certainty to the three sites Fel, Fe2, rc3 of 
Table II only if the expected 4:4:8 relative intensities are 
obtained 49 (which identifies the 8h site Fe3) and if the signs 
of all the electric field gradients are known. The Mossbauer 
hyperfine fields H hf = 296, 316, and 399 kOe 49 were first as¬ 
signed to Fe2 (site 4e, Inn), Fel (site Ad, 3nn), and Fe3 
(site 8h, 2nn), respectively. 50 This assignment is customary 
for iron alloys and for a'-JV-martensite: H M (relative to 
a-Fe) decreases for the first nearest neighbors, increases dra¬ 
matically for the second, then converges from above to the 
pure a-Fe value for third, fourth, etc., nearest neighbors. 50 

For a"-Fei 6 N 2 this assignment is not supported by the 
relative Mossbauer line intensities 2,15,16,38,49 or by the band 
structure results, which assign the highest moment to site 
Fel. 7,44,45 The new assignments in Table V give the largest 


TABLE IV. Calculated magnetic moments (in Bohr magnetons n B ) at sites in the a"-Fei 6 N 2 lattice (Refs. 7,44, 
45), and distances from the N atom. 


Site (symmetry) 

Fe-N distance/A 

Fe-N 

Calculated HfJnu (Ref) 

Fel (4d-4m2) 

3.26 

3 nn 

2.83(44) 2.81(7) 

2.74 or 2.89'(45) 

Fe2 (4e-4mm) 

1.95 or 1.93' 

\nn 

2.25(44) 2.21(7) 

2.30 or 2.29“(45) 

Fe3 (8h-mm) 

2.01 or 1.79' 

2 nn 

2.27(44) 2.39(7) 

2.37 or 2.21'(45) 

Average 



2.41 2.45(7) 

2.45 or 2.40'(45) 


'Uses 2=0.3060 for position 4e, x =0.222 for position Sh (Ref. 45). 
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TABLE V. Mossbauer spectral parameters (hyperfine magnetic fields H bt , quadrupole splittings A Eq, and isomer shifts IS against pure a-Fe at room 
temperature) for o"-Fe 16 N 2 , and relative population (Fe atom %). Data for other phases (a-Fe, a'-jV-martensite, y-Fe 4 N) are given for comparison 


»hf 

kOe 

A E q 
mm/s 

IS 

mm/s 

Fe% 

tfht 

kOe 

A E q 
mm/s 

IS 

mm/s 

Fe% 

H ht 

kOe 

A E q 
mm/s 

IS 

mm/s 

Fe% 

<Hm) 

kOe 

Ref. 

a''-Fe 16 N 2 (three sextets) 













Fel (4d)mm2 (3nn) a 




Fe2 (4e) 4mm (lnn) a 



Fe3 (8 h) 

mm (2nn) 


Avc. 


418(1) 

+0 27(2) 

-0.08(2) 


302(2) 

+0.14(5) 

-0.15(5) 


325(5) 

0.3(1) 

0 .1(1) 


342 

50 

372.8 




297.9 




315.9 




325.6 

31 

400.2 

0.15 

-0.06 

13.9(3) 

289.8 

0.04 

-0.10 

19.4(4) 

321.7 

0.16 

0.06 

47.2(9) 

333.3 

38 

399 

0.12 

-0.07 

17.9 

296 

-0.07 

-0.09 

18.7 

316 

0.25 

0.06 

34.9 

332 

33,49 

397 

-0.04 

0.07 

9.7 

292 

-0.17 

0.01 

9.7 

317 

015 

0.10 

15.8 

331 

15 

397(2) 

-0.12(3) 

0.03(4) 

8.5(5) 

289(2) 

-0.17(2) 

-0.11(3) 

7.3(3) 

318(2) 

0.14(3) 

0.29(4) 

21.8(1.5) 

331 

16 

406 

0.25 

-0.18 


307 

0.05 

-0.49 


316 

0.21 

0.21 


336 

7 

391 

0.26 

-0.05 

12.5 

289 

0.16 

-0.05 

20.6 

316 

0.32 

0.04 

37.7 

328 

34 

a"-Fe 16 N 2 (single sextet) (Refs. 29,30,47) 

a-Fc (single sextet)' (Refs. 14,50) 


y-austenitc (paramagnetic) (Ref. 15) 



(460) bc 




341 

0.0 

0.0 



0 

-0.04 




330 d 




330 

-0.09 

0.0 



0.37 

0.07 




326 




335 

0.17 

-0.07 








a'-^-martensite (three sextets) 












Inn 




2 nn 




3nn and 4nn 





314(2) 

-0.01(5) 

-0.12(5) 


356(2) 

+0.01(5) 

0.01(5) 


348(2) 

+0.08(5) 

0.02(5) 



50 

y'-Fe 4 N (three sextets) 













Fel or la 




Fe2 or Fe2A or 3 c-A 



Fc2 B or 3 c-B 





345(10) 

0.30(8) 



215(10) 

0.45(6) 








52 

340.6 

0.0 

0.24 


215.5 

-0.22 

0.52 


219.2 

0.43 

-0.15 



53 

366 




235 




235 





51 


’These two assignments arc uncertain, and could be interchanged. b This datum is considered incorrect (Ref. 54). 


H hf to Fel, the smallest to Fe2, and the value closest to a-Fe 
to Fe3. 

From the Mossbauer hyperfine fields, the magnetic mo¬ 
ments have been estimated at the sites Fel, Fe2, and Fe3 as 
either 3.8, 1.3, and 2.5 /z B , 33,49 or as 2.98, 2.01, and 2.25 
/%, 51 respectively. The average H h , of the three sites of 
a"-Fe 16 N 2 (weighted 4:4:8 for Fel:Fe2:Fe3), shown as <// hf ) 
in Table V, is essentially identical to H h( of a-Fe. 14 For the 
epitaxial thin films of a"-Fe 16 N 2 on GaAs, one single Moss- 
bauer line is reported: 29,30,47 is this due to low resolution, or 
to a different species? 2,14 

An important technological goal is to produce macro¬ 
scopic samples of 100% phase-pure o''-Fe 16 N 2 . Table VI 
shows the estimated Fe at. % contributions from various 
samples. High mol fractions of a"-Fe 16 N 2 were achieved by 
epitaxy on GaAs 9 or by topotactical N 2 implantation. 49 Ni¬ 
triding thin foils in NH 3 :H 2 yields 40%. 7 Large particle pow¬ 
ders (6-9 fim) yield 50%. 17 For small particles, at most 38% 
conversion was reached. 15,16 For small particles, 7-15 at. % 
Mn was needed, 16 while for larger particles Mn was 
unnecessary. 7,17 One cannot achieve ^=0.1 111 in y-N- 
austenite, so by quenching and annealing, one cannot get 
100% a"-Fe 16 N 2 . 51 Ways to obtain phase-pure a"-Fe 16 N 2 
have been proposed. 55 

The magnetic data for various samples, and the inferred 
values for the a"-Fe 16 N 2 fraction, are summarized in Table 
VII. The first few benchmark entries are for bulk and powder 
a-Fe, and y'-Fe 4 N, and for recently measured powder 
samples (6-9 /im) of a'-A-martensites with different N 
contents. 17,18 The dependence of the high moment on the N 
atom concentration is very roughly linear. 29 As the 002 x-ray 


reflection of a"-Fe 16 N 2 grows in intensity, the saturation vol¬ 
ume magnetization M s increases to a maximum of 2307 

-3 47 

emu cm . 

The inferred values of the specific saturation magnetiza¬ 
tion a s for a"-Fe 16 N 2 depend on the reliability of the esti¬ 
mates of the mol fractions of all the magnetic constituents. In 
small powder samples exposed to air, the moment due to 
pure bulk a-Fe (218 emu g~’) is reduced by passivation of 
the surface to maybe 140 emug' 1 . This passivation is less 
important for very large particles and epitaxial films, so the 
bulk value can be used. 

For some laboratories, tempering the nitrided sample at 
150-200 °C increases the sample magnetization, e.g., from 
177 to 189 emu g -i , 16 or from 182 to 189 emu g -1 ; 17 other 
laboratories report no increase, 34,35,38 or only a modest in¬ 
crease, e.g., from 218 to 226 emu g~*. 34 

The coercivities H c for o"-Fe 16 N 2 are small; shape an¬ 
isotropy was sought by growing acicular particles. 15 

If a"-Fe 16 N 2 is heated at 160 °C for 21 days, it decom¬ 
poses to a-Fe and y'-p e4 N; 2 a similar decomposition occurs 
if one heats it to 200 °C for one week. 60 For o"-Fe| 6 N 2 par¬ 
ticles (35 at. % Fe; 15 at. % Mn) kept at room temperature 
for six months the Mossbauer spectrum did not change. 60 

The high magnetization observed for epitaxial films of 
o"-Fe 16 N 2 on GaAs or InGaAs(OOl) decreases reversibly 
with increasing temperature between -269 °C (B s = 3.1 T, 
/r.=3.4 /x B ) and +400 °C (# s = 1.0 T), with a Curie tempera¬ 
ture of 540 °C; above 400 °C this magnetization decreases 
irreversibly. 29 By annealing a rf sputtered film at 500 °C for 
1 h, the moment density increases from about 225 to 253 
emu g -1 , and the x-ray lines due to a"-Fe 16 N 2 sharpen, while 
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TABLE VI. Composition (Fe at. %, estimated by X=x-ray diffraction, M=Mossbauer spectroscopy) of nitrided 
Fe or Fe+Mn films, powders and foils (laboratory codes as in Table I). 


Lab. form 

Est. 

a- Fe 

y-//-aust 

-/-Fe 4 N 

a’-N-mart. 

«"-Fe 16 N 2 

Ref 

CMU 6-9 n m powder 

X 

13 

31 

0 

0 

56 

17,19 

HIT 7-100 nm||GaAs(100) 

X 

15 

0 

0 

0 

85 

9 

NAG 200 nm filmjlglass 

M,X 

65 

0 

0 

0 

35 

31 

NAG 200 nm film||MgO 

X 

40 

0 

0 

36 

24 

11 

NAG 200 nm film||MgO 

X 

30 

0 

0 

62 

8 

32 

NAG 200 nm filmjjMgO 

X ,M 

28.5 

0 

0 

0 

71.5 

49 

TCD 30 /rm powder 

M 

61 

7 

4 

0 

28 

7 

TCD 100 /an foil 

M 

52; 59 

5; 11 

11 ; 10 

0 

32; 20 

7 

TCD 25 yum foil 

M 

55; 51 

11; 9 

0 ; 0 

0 

34; 40 

7 

TOU sputt. film 

X 

27 

0 

0 

0 

73 («’ + «") 

34 

UAL sputt. film 

X 

82 

0 

0 

0 

18 

12 

UAL 0.6 /an powd.+15 wt% Mn 

M 

29 

36 

0 

0 

35 

15 

UAL 70 nm powd.+7 wt % Mn 

M 

55 

7 

0 

0 

38 

16 


TABLE VII. Magnetic properties of reference compounds, of samples containing a"-Fe 16 N 2 , and for pure a"-Fe 16 N 2 : saturation volume magnetization M s 
(emu/cc=emu cm -3 ), saturation magnetic flux density B s (T), specific saturation magnetization cr s (emu/g=J/T kg), magnetic moment of the average Fe site 
/i Fc (/t fi =Bohr magneton), coercivity H c (Oe). 


Overall sample properties 



Inferred a , '-Fe l6 N 2 contribution 



M s B s 

0’S 

Arc 

H c 

M s 

Bs 

<*s 

AFc 

H c 


cmu/cc T 

emu/g 

Aa 

Oe 

cmu/cc 

T 

emu/g 

A B 

Oe 

Morphology (Ref.) 

Reference data: 

1717 2.16 

218.0 

2.18 





... 


Pure bulk a-Fe (56) 


-140 

... 







Powder a-Fe 

1392 1.75 

193 

2.05 







Pure bulk /-Fe 4 N (57) 

... 

180 

... 

600 

... 

.... 




Powder y'-Fc 4 N (58) 


160 


1000 





... 

Powder y-Fc 4 N (13) 

2.35 

250±10 




... 




a'-//-martensite (inf.) (17,18) 


257 








Sputt. a’-A'-mart. film (32,33,38) 

Flint obtained by molecular beam epitaxy: 








2050 2.58 


... 


2250 

2.83 

298 

3.0 


55 nm epitax. film (5) 

2.66 

233 




3.0 

315 

3.2 


7 nm epitax. film (9) 

200 nm epitax. film (31) 

2.9 

.... 

3.2 

... 

2390 

2.9 


3.2 

50 

50 nm epitax. film (30) 

Epitax. film ||ln 02 Ga 08 As (26) 





2300 



... 


Epitax. film |!ln 0 iGa^As (46) 

2307 2.9 









Epitax. film ||In 02 Ga,> K As (47) 

Foils 

205 




2.52 

271' 

2.34 

... 

100 /tm foil+NH 3 H 2 (7) 


208 





238' 

2.62 


25 /an foil+NH,:H 2 (7) 

Sputtered or plasma evaporated films: 










247 





315 



250 nm film||g!ass (12) 


233 








200 nm sputt film+N/(glass (31) 


245 





257 



200 nm sputt., N 2 + ||MgO (32,33,38) 

2000 

235 



<1 





Sputter, films (2 at. % N) (59) 
Plasma evap. ||Fe||MgO (14) 


218 








Sputt. ||Fe||MgO (14) 


232 





237' 



Sputt. ||Fe||MgO (34) 


220 


300 



225' 



Sputt. ||Fe||MgO (35) 

Powders large or small: 

210 





241' 

2.40 


30 /on powd. (7) 


189 





285' 



6-9 /an powd. (17) 


210 




2.66 

286' 

2.94 


6-9 /an powd. (18,19) 


170 


200 



310' 


200 

300X 60X60 nm powd.+0.15 Mn (15) 


189 


210 



300 b 



70X 70X 70 nm powd.+0.07 Mn (16) 


'Using 218 or 220 emu g 1 for a-Fc. 
b Using 140 emu g~‘ for small particles of a-Fc. 


6630 J. Appl. Rhys , Vol. 76, No. 10, 15 November 1994 


Metzger, Bao, and Carbucicchio 

































for another sample the same treatment decreases the moment 
from 247 to 212 emug -1 , and the a"-Fe 16 N 2 lines 
disappear. 12 For films made by sputtering or by evaporation 
the moment drops when the temperature reaches 
200-250 °C. 14 

Since a"-Fe 16 N 2 powders are not stable above about 
200 °C, 2,60 it has been speculated that epitaxial films with 
large magnetic moments contain a different phase. 14 

IV. CONCLUSIONS 

a"-Fe 16 N 2 is a fascinating magnetic system. The evi¬ 
dence for a very large moment (>280 rating' 1 ) for 
a"-Fe 16 N 2 comes from epitaxial thin films, 5 ’ 9,26 ’ 30 ' 31,4u,<7 from 
some sputtered films, 12 and from medium 17,18 and small 
particle 15,16 studies. Already, a'-JV-martensite has a moment 
considerably higher than that of a-Fe. 18,32,33 The high mag¬ 
netization of the epitaxial films has even been ascribed to 
some unknown phase. 14 

The “dissenting” evidence against large moments comes 
from foils, 7 large particles, 7 N 2 ion-implanted films, 31,32,33,38 
some sputtered films, 14 and from theoretical studies. 7,44,45,51 
It is tempting to dismiss the theoretical results, since theory 
often fails us. All these arguments, pro and con, rest on x-ray 
or Mossbauer estimates of the magnetic constituents present 
in the samples, and on how well the samples resist to air 
oxidation. 

To answer Coey’s challenge, 20 many are convinced that 
we are facing a “real value,” not an “egregious error.” 
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The magnetization of bulk </Fe 16 N 2 (invited) 

J. M. D. Coey 

Physics Department, Trinity College, Dublin 2, Ireland 

Evidence for giant magnetic moments in the metastable nitride a"Fe, 6 N 2 is reviewed, with reference 
to the related stable nitride y'Fe 4 N and aFe. It is concluded from a survey of electronic structure 
calculations, Mossbauer spectra, and magnetization measurements on bulk multiphase samples that 
the average iron moment in a"Fei 6 N 2 at T~ 0 lies in the range 2.3-2.6 p B . A significantly larger 
moment of about 2.9 fi B appears on the Ad sites which have no nitrogen neighbors. 


I. INTRODUCTION 

Alpha-iron is a weak ferromagnet with an incompletely 
filled 3subband. The electronic configuration is approxi¬ 
mately 3d^ A 3d i2 As 06 Ap 0S , giving a magnetic moment per 
atom p Vt =2.2 p B . It is actually the saturation polarization 
J s , related to the magnetic moment per unit volume M s by 
J s =fi 0 M s , which is important for technical applications; J s 
for iron at room temperature is 2.15 T. There is scope for 
increasing the moment by modifying the density of states 
and moving the position of the Fermi level in the d band, but 
if they are to improve the magnetization, these changes must 
be accomplished with as little increase as possible in lattice 
volume. 

The greatest polarization that has been achieved in iron- 
based substitutional alloys is ^=2.45 T, in Fe 65 Co 3 5 . Iron 
ions with atomic moments as high as 5 fi B for the 3d' 5 
configuration of Fe 3+ are obtained by charge transfer in ionic 
compounds, yet J s in ferrites does not exceed 0.6 T because 
the order is ferrimagnetic and most of the volume is occu¬ 
pied by nonmagnetic 0 2 ~. 

The quest for greater iron magnetization is currently fo¬ 
cused on interstitial compounds, particularly those where ni¬ 
trogen is accomodated in octahedral voids in the iron lattice. 
Nitrogen in cubic y'Fe 4 N occupies the lb body-center site in 
an fee lattice, so the la cube corner and 3c face-center iron 
sites become inequivalent. The ordered, metastable iron ni¬ 
tride (V'Fe 16 N 2 discovered by Jack in 1951 1 has a related 
structure where only half of these octahedral interstices are 
occupied by nitrogen (Fig. 1). The tetragonal cell contains 
eight bcc units, and the structure can be regarded as lying 
midway between aFe and y'Fe 4 N.’ The Ad site in o"Fe 16 N 2 
is analogous to the la site in y'Fe 4 N and the 4e and 8h sites 
in o"Fe 16 N 2 are analogous to the 3c sites in y'Fe 4 N, except 
that they have only one nitrogen neighbor instead of two. 

The magnetic properties of o"Fe 16 N 2 remained unex¬ 
plored until 1972 when Kim and Takahashi produced thin 
films where aFe was the major phase by evaporating iron in 
nitrogen. Some of these films were found to have a polariza¬ 
tion as high as 2.64 T, and the polarization of pure o"Fei 6 N 2 
was inferred to be 2.76 T, corresponding to an average iron 
moment of 3.0 p B . 2 In recent years, other Japanese groups 
have made films containing o"Fe 16 N 2 by different methods, 
with quite variable results. 3 ' 10 Most remarkable are those of 
Sugita and co-workers at Hitachi, who produced films by 
molecular-beam epitaxy on (Gao 8 In 02 )As substrates where 
the polarization of Fe 16 N 2 was found to be 2.9 T. 5 They have 
corroborated their result by a ferromagnetic-resonance 


experiment. 9 The corresponding average moment per iron 
atom /ti av is 3.2 p B at room temperature, rising to 3.5 p B at 
r~0. Other workers, however, report values of magnetiza¬ 
tion of their thin films which are much closer to that of aFe. 8 

Here we review the evidence of electronic structure cal¬ 
culations, Mossbauer spectra and bulk magnetization mea¬ 
surements regarding the site and average moments in aFe, 
a"Fe 16 N 2 , and y'Fe 4 N. Experimental investigations of 
a"Fe 16 N 2 have been hindered by the lack of bulk, single¬ 
phase samples of the metastable a" phase. 

II. ELECTRONIC STRUCTURE CALCULATIONS 

Self-consistent spin-polarized electronic structure calcu¬ 
lations have now developed to the point where it is routinely 
possible to deduce the ground-state spin moments in iron- 
group ferromagnetic alloys to within about 0.1 p B . The mo¬ 
ment of iron itself is accurately reproduced. 11 Linearized 
muffin-tin orbital (LMTO) calculations for o"Fe 16 N 2 and 
other iron nitrides were carried out by Sakuma 12-14 and 
many others, 15 ' 21 varying the unit cell volume, c/a ratio, and 
special position parameters. These LMTO calculations are 
based on the atomic spheres approximation, which is well 
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TABLE I. Calculated data and experimental results on local and averaged magnetic moments and hyperfine 
fields in yFe 4 N. 


Methods 


(/rj/Fe) 



Btffl 


Ref. 

Fe(lfl) 

Fe(3c) 

<n> 

Fe(la) 

Fe(3c) 

<Bhf> 

LMTO-ASA 

3.07 

2.03 

2.29 




12,14 

LMTO-ASA 

3 09 

2.11 

2.36 

-32.8 

-24.5 

-26 6 

17 

LMTO-ASA 

3.10 

1.94 

2.23 

-32.8 

-24.2 

-26.4 

15 

LMTO-ASA 

3.22 

2.01 

2.32 

-36.0 

-24.7 

-27.6 

19,20 

ASW 

2.98 

1.79 

2.09 

•- 



23 

FLAPW 

2.98 

2.23 

2.41 

-36.3 

-21.7 

-25.4 

22 

Average(calculation) 

3 07 

2.02 

2.28 

-34.5 

-23.8 

-26.5 


Measurements 

2.98 

2.01 

2.25 




27 





-36.6 

-23.6 

-26.9 

21 


justified by the charge-density distributions obtained by 
Coehoom et al. using a first-principles full potential 
(FLAPW) approach. 22 Matar has used the augmented spheri¬ 
cal wave (ASW) method 23,24 and there have also been some 
cluster calculations. 25,26 Results of these calculations for 
y'Fe 4 N and o"Fe 16 N 2 are summarized in Tables I and II, 
respectively. 

It can be seen in Table I that the calculations for y'Fe 4 N 
give average and site moments which agree quite well with 
those measured experimentally by magnetization and neu¬ 
tron diffraction (2.98 /r fl /Fe on la, 2.01 /i fl /Fe on 3c, 
2.25 (jl b I Fe). 27 In the case of </Fe 16 N 2 , the atomic po¬ 
sitions depend on two special position parameters, 1 which 
have not been determined precisely. However, these param¬ 
eters and the cl a ratio can be varied over a reasonable range 
in the computer. When this is done, there are small variations 
in the site moments, but in no case does the average moment 
per iron atom exceed 2.50 p B . An exception is the cluster 
calculation of Li, 25 which gives an average moment of 3.3 
/Lt B /Fe, but this method greatly overestimates the moment of 
a-Fe, and it cannot be regarded as quantitatively reliable. 
Larger moments are also reported in an “LDA+U” calcula¬ 


tion which involves an on-site Hubbard interaction U, 44 but 
the approach does not appear to have been tested on a Fe or 
y Fe 4 N. 

In a"Fe 16 N 2 , y'Fe 4 N and other interstitial iron 
nitrides 20,28 there is a tendency for all iron moments to in¬ 
crease as the lattice is expanded by interstitial nitrogen. This 
is counteracted to some extent by sp-d hybridization at those 
iron sites which have nitrogen neighbors. However, iron at¬ 
oms which are next-nearest neighbors of nitrogen see their 
moments increased. The local density of states for 4 d sites in 
a"Fe, 6 N 2 and la sites in y'Fe 4 N indicates strong ferromag¬ 
netism at these sites. The increase of the next-nearest- 
neighbor iron moments in nitrides was explained by 
Kanamori, 29 by analogy with the increase of iron moment in 
Fe 6 5 Co 35 . 29 The iron neighbors of nitrogen hybridize with 
the nitrogen sp orbitals, which decreases the spin splitting 
and lowers the effective iron potential, especially for the 3d j 
states. These iron atoms then have some of the character of 
cobalt in the Fe-Co alloys. Interaction with iron atoms which 
are next-nearest neighbors of nitrogen increases the ampli¬ 
tude of wave functions at the latter in the antibonding states 
of the 3dl band whereas it will decrease the amplitude of the 


TABLE II. Calculated data and experimental results on local and averaged magnetic moment and hyperfine 
fields in «"Fe| 6 N 2 . 


M WFe) B h( (T) 


Methods 

Fe(4e) 

Fe(8A) 

Fe(4d) 

(/r> 

Fe(4e) 

Fe(8 h) 

Fe(4d) 

(Bhf) 

Ref 

LMTO-ASA 

2.27 

2.25 

2.83 

2 39 





12 

LMTO-ASA 

2.30 

2.27 

2.82 

2.42 





13 

LMTO-ASA 

1.96 

2.41 

2.91 

2.42 

-24.1 

-25.0 

-33.7 

-27.0 

15 

LMTO-ASA 

2.13 

2.50 

2.85 

2 50 





16 

LMTO-ASA 

2.01 

2.45 

2.99 

2.34 





18 

LMTO-ASA 

2.30 

2.37 

2.86 

2.48 

-24.3 

-25.4 

-33.7 

-26.9 

19,20 

ASW 

2.30 

2.37 

2.74 

2.44 





24 


2 29 

2.21 

2.89 

2.40 





24 

FLAPW 

2.04 

2.33 

2.82 

2.37 

-24.3 

-24.1 

-33.4 

-26.5 

22 

(DV)-3f a cluster 

1.98 

2.09 

2.82 

2 25 

... 




26 

Average (calculation) 

2.16 

2.32 

2.85 

2.41 

-24.2 

-24.8 

-33.6 

-26.9 


Measurement 

(2.33) 

(2 45) 

(3.05) 

(2 57) 

-30.7 

-32.3 

-41.2 

-33.7 

21 
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Velocity (mm/s) 


FIG. 2. The 57 Fe Mossbauer spectrum of yFc 4 N measured at 15 K. 


bonding states of the 3d] band. The decrease of occupied 
states in the 3d] band is compensated by a shift in spectral 
weight to occupied states in the 3d] band. Hence the mo¬ 
ment of the next-nearest-neighbor iron is raised. 

Large iron moments in a"Fe 16 N 2 can be achieved in 
LMTO calculations by expanding the lattice. Ishida et al . 15 
show that the average iron moment reaches 3.0 fi B when the 
lattice volume is increased by 50%, but the polarization of 
the expanded lattice is only 2.0 T. 

III. MOSSBAUER SPECTRA 

Before considering the Mossbauer spectrum of 
a"Fe i6 N 2 , it is useful to look at those of aFc and y'Fe 4 N, 
whose interpretation in unambiguous. Alpha-iron has a 
single site with cubic symmetry where the hyperfine field is 
33.8 T at r~0. The spectrum of y'Fe 4 N (Fig. 2) exhibits 
two clearly resolved subspectra with hyperfine fields of 36.6 
and 23.5 T in an intensity ratio 1:3 which are identified with 
the la and 3c sites, respectively. (The 3c spectrum is split 
into two barely resolved components with a 2:1 intensity 
ratio because the field gradient axis may lie parallel or per¬ 
pendicular to the magnetization direction. 17,30,31 ) The calcu¬ 
lated Fermi contact hyperfine fields agree well with the mea¬ 
surements (Table I). 

The distinctive feature of the Mossbauer spectrum of 
a''Fe 16 N 2 is the hyperfine component with B hf =41 T, 21,32 ” 38 
which is attributed to iron in 4 d sites. The subspectra of iron 
in 4e and 8/i sites, which form an octahedron around the 
nitrogen interstitial, have hyperfine fields of 31 and 32 T, 
respectively. This assignment is in accord with that of Naka- 
jima et al., based on conversion-electron spectra of ion- 
implanted films, 37 and with previous work on bulk 
samples. 19,32,38 It also agrees with the order of the hyperfine 
fields calculated by Coehoorn et al. using a full potential 
linearized augmented plane-wave method. 22 Moriya et al. 33 
assigned the highest field to the 8/i site, but their interpreta¬ 
tion is inconsistent with the expectation that 8/i and 4e sites, 



Velocity (mm/s) 


FIG. 3. The 57 Fc Mossbauer spectra of (a) a sample containing 40% 
oTe^N; measured at 15 K and (b) the spectrum of a"Fe 16 N 2 after stripping 
to remove aFe and yFc absorption. 


each with one nitrogen neighbor, should have similar hyper¬ 
fine fields. 38 The spectrum of a"Fe 16 N 2 obtained after strip¬ 
ping off the other constituents is shown in Fig. 3. Fitted 
hyperfine parameters are given in Table III. 


TABLE III Mossbauer parameters of aFe, /Fe 4 N, and o"Fc 16 N 2 , including 
hyperfine field (/? hf ), quadrupole splitting (QS), and isomer shift (IS) relative 
to metallic iron at room temperature. RA is the percent of the relative area. 


Nitride 

Temp 

(K) 

Sites 

% 

(T) 

IS QS 

(mm/s) 

RA 

(%) 

aFc 

293 

Fc(2a) 

33.0 

0.00 

0.00 

100 


15 

Fe(2a) 

33.8 

0.12 

0.00 

100 

yFe 4 N 

293 

Fe (la) 

33.9 

0.25 

0.02 

25 



Fe (3c) 4 

21.7 

0.32 

-0.40 

25 



Fe (3c) fl 

21.4 

0.32 

0.19 

50 


15 

Fe (la) 

36.6 

0.40 

0.02 

25 



Fe(3c)„ 

23.6 

0.46 

-0.45 

25 



Fe (3c)„ 

23.5 

0.46 

0.22 

50 

«"Fe, 6 N 2 

293 

Fe (4d) 

39.5 

0.07 

-0.15 

7.9 



Fe (4e) 

30.1 

-0.08 

0 53 

7.9 



Fe(8h) 

31.2 

0.09 

0.22 

15.8 



aFe 

33.0 

0.00 

0.00 

64.7 



•yFc 

0.0 

-0.04 

0.24 

3.7 


15 

Fe (4d) 

41.2 

0.30 

-0.13 

79 



Fe(4e) 

30.7 

0.01 

-0.46 

7.9 



Fe (8h) 

32 3 

0.26 

0 27 

15.7 



aFe 

33.8 

0.12 

0.00 

60.8 



•yFe 

0.0 

0.09 

0 25 

7.7 
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FIG. 4. The relation between iron site moment and hyperfine field for 
a"Fe 16 N 2 interpolated from data on yFe 4 N and aFc. 


It is not a straightforward matter to infer the site mo¬ 
ments from the hyperfine fields. Writing the 

“constant” A is -15 T//n B for aFe, but values lying any¬ 
where from -11 to can be found for different iron 

sites in iron-rich alloys. (Mossbauer data usually give the 
magnitude, but not the sign of the hyperfine fields.) There are 
several different contributions to B h{ which have different 
dependences on . 

#hf =B cp + B val + £ orb +fl dlp . (1) 

The leading term B cp due to spin polarization of the Is, 2s, 
and 3s core orbitals is strictly proportional to the 3d spin 
moment, with A = -11.3 T//n B . It is the contribution of the 
valence electrons B val which depends on the chemical bond¬ 
ing that varies most with the compound or the sites consid¬ 
ered. The orbital contribution 2? otb is often neglected because 
the orbital moment is quenched in itinerant ferromagnetic 
iron alloys (typically it is less than 0.1 /jl b ). The classical 
dipolar field fl dip at the nucleus is also small (<1 T). Evalu¬ 
ations of the hyperfine fields due to spin moments in elec¬ 
tronic structure calculations reproduce the observed trends, 
but tend to underestimate B hf by up to 5 T. 22 The calculations 



FIG. 5. Extrapolations to deduce the magnetic moment of pure a"Fe 16 N 2 
using x-ray intensities for phase analysis. Experimental data sets are those of 
Huang et al. (see Ref. 41), circles and dashed line and Coey et al. (see Ref. 
19). squares and solid line. 


give the first two terms in Eq. (1), known as the Fermi con¬ 
tact interaction, which depend on the unpaired spin density at 
the nucleus. 

Here we adopt an empirical approach to evaluate the 
factor A at the three sites in o"Fe 16 N 2 . It can be deduced for 
la and 3c sites in /Fe 4 N, from the site moments measured 
by neutron diffraction, 27 and the hyperfine fields in Table II. 
The values for a"Fe 16 N 2 are then deduced by interpolation 
between aFe and -yFe 4 N, as shown in Fig. 4. The site mo¬ 
ments and the average iron moment shown in parentheses on 
the bottom line of Table II are obtained. Note the large mo¬ 
ment of 3.0 /ifi/Fe on 4 d sites, but the average value is only 
2.6 fi B IFe. 

IV. MAGNETIC MEASUREMENTS 

Mitsuoka et al . 39 estimated the magnetic moment of bulk 
o"Fe 16 N 2 some years ago as 2.6 p B l Fe. There have been 
several recent reports of magnetic measurements on samples 
containing a significant proportion (<~50%) of 
a"Fe 16 N 2 . 19,36,40,41 All materials were prepared by the 
y->a'-»a" route originally used by Jack, 1 and described by 
him in more detail in a preceding paper. 42 Nitrogen has a 
solubility range extending up to 10 N/100 Fe in austenite 
(yFe) which is stable above 590 °C. Nitrogen austenite can 
be prepared by heating iron powders or foils in an atmo¬ 
sphere of flowing NH 3 /H 2 at about 700 °C for several hours, 
then rapidly quenching to yield nitrogen martensite, thereby 
avoiding decomposition into the equilibrium phases, 
aFe+y'Fe 4 N. Prolonged annealing of the martensite at 
120 °C for 7 days yields samples composed of aFe, yFe, and 
o"Fe 16 N 2 in varying proportions. Pure a"Fe 16 N 2 cannot be 
obtained by this method because the solubility of nitrogen in 
austenite is less than the required 12.5 N/100 Fe. Further¬ 
more, the martensitic transformation is depressed to lower 
temperatures as the nitrogen content increases, so the 
nitrogen-rich samples tend to contain retained austenite, 
whereas the nitrogen-poor ones are mostly aFe. 

The magnetization of these bulk samples is easily 
measured, 19,36,39-41 but none has been found to possess a 
magnetization greater than that of aFe. If o"Fe 16 N 2 really 
has a magnetization a s in excess of 300 JT -1 kg -1 , one 
would expect the nitrogen-poor samples at least to exhibit a 
magnetization greater than 220 J T -1 kg -1 , the value for 
aFe. 

The inference of the magnetization of the a" phase from 
measurements on phase mixtures relies on (i) quantitative 
analysis of the phases present and (ii) knowledge of the mag¬ 
netization of each one. The phase analysis can be obtained 
from x-ray diffraction 41 or Mossbauer spectra. 19,36 Huang 
et al. use x-ray diffraction to deduce a=272-286 J T -1 kg -1 
at room temperature, corresponding to p ?c =2.94 p B whereas 
Coey et al. base their quantitative phase analysis on the ab¬ 
sorption areas of Mossbauer spectra taken at 15 K and de¬ 
duce cr=225-270 J T” 1 kg -1 corresponding to p. fe =23-2.6 
(i B and J = 2.1-2.5 T. The Mossbauer method of phase 
analysis has the advantage that it probes all the iron in the 
sample, not just a surface region as is the case for x-ray 
diffraction. Bao et al. find that the magnetization of a single 
sample is consistent with a large magnetization for the a" 
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phase. 36 Sakamoto 40 deduces from annealing experiments 
that the magnetization of Fe 16 N 2 has a higher value than that 
of pure iron. 

A problem for inferring the ol' moment from y-rich ma¬ 
terial is that the magnetic properties of nitrogen-austenite are 
not entirely clear. A broadened peak appears as the room- 
temperature Mossbauer spectrum, but it is uncertain that the 
broadening is exclusively due to the distribution of quadru¬ 
ple splitting. A small magnetic hyperfine ' ’lion with 
B m ~2 T might contribute. Electronic structu. filiations 
indicate the possibility of very weak ferromagnetism in ex¬ 
panded yFe before the transition to a high-moment state. 

V. CONCLUSIONS 

Most data on bulk o"Fe 16 N 2 indicate that the average 
iron moment lies in the range 23-2.6 fi B . None of the re¬ 
sults we have reviewed provide support for an average iron 
moment of 3.0-3.5 fi B , as has been claimed for certain thin 
films. 

The sites which carry the largest moments of —3.0 fi B in 
the interstitial iron nitrides are those (la in ■yFe 4 N, Ad in 
cl' FejgN^ which are next-nearest neighbors of the nitrogen. 
The moments on the nearest-neighbor sites are much influ¬ 
enced by hybridization with the nitrogen sp orbitals. 

The discrepancy with the results on the thin films of the 
Hitachi group in particular is unexplained. Extensive studies 
by Takahashi and co-workers 43 on films prepared by reactive 
sputtering and plasma evaporation indicate a value of cr s of 
230-240 J T _I kg -1 . Possible considerations are surface ef¬ 
fects and nitrogen order. Surface enhancement of magnetiza¬ 
tion might arise in very thin films. It is doubtful whether 
disordering the nitrogen can increase the moment, in view of 
results on mechanically alloyed material 21 and the increase 
of magnetization which accompanies annealing the nitrogen 
martensite. 36,40 However, one might imagine an ordered 
phase containing less nitrogen which contains more of the 
high-moment iron sites. 

Although there may be no giant moment, the data indi¬ 
cate that £/'Fe 16 N 2 is closer to strong ferromagnetism than 
aFe and they encourage further efforts to prepare the ol' 
phase in a pure form 42 and investigate alloy additions in 
order to optimize the properties for those applications that 
call for ferromagnetic material with the greatest possible po¬ 
larization. 

ACKNOWLEDGMENTS 

The author is grateful to many co-workers who have 
participated in our investigations of metastable iron nitrides, 
particularly Dr. Qinian Qi, Kathy O’Donnell, Emmanuelle 
Touchais, and James O’Sullivan. He has benefitted greatly 
from the advice and encouragement of Professor K. H. Jack. 

‘K. H. Jack, Proc. R. Soc. London, Ser. A 208, 200 (1951). 

2 T. K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972). 

3 A. lano, N. S. Kazama, H. Fujimori, and T. Takahashi, J. Appl. Phys. 53, 
8331 (1982). 

4 K. Nakajima and S. Okamoto, Appl. Phys. Lett. 56, 92 (1990). 

5 M. Komuro, Y. Kozono, M. Hanazono, and Y. Sugita, J. Appl. Phys. 67, 
5126 (1990). 


6 Y. Sugita, K. Mitsuoka, M. Momuro, H. Hoshiya, Y. Kozono, and M. 
Hanazono, J. Appl. Phys. 90, 5977 (1991). 

7 M. Matsuoka, K. Hoshino, and K. Ono, in Proceedings of the International 
Symposium on 3d Transition Metal Thin Films, Sendai 1991 (unpub¬ 
lished), p. 29. 

8 M. Takahashi, H. Shoji, H. Takahashi, T. Wakiyama, M. Kinoshita, and W. 
Ohta, IEEE Trans. Magn. 29, 3040 (1993). 

9 H. Takahashi, M. Mirsuoka, M. Komuro, and Y. Sugita, J. Appl. Phys. 73, 
6060 (1993). 

10 M. A. Russak, C. V. Jahnes, E. Klokholm, J. W Lee, M. E. Re, and B. C. 
Webb, J. Appl. Phys. 70, 6427 (1991). 

” J. Janak and A. R. Williams, Phys. Rev. B 14, 4199 (1976); O. K. Ander¬ 
sen, J. Madsen, U. K. Poulsen, O. Jepsen, and J. Kollar, Physica 86-88B, 
249 (1977); J. Kiibler, Phys. Lett. 81A, 81 (1981); T. Jarborg and M. Peter, 
J. Magn. Magn. Mater. 42, 89 (1984); H. S. Greenside and M. A. Schluter, 
Phys. Rev. B 27, 3111 (1983); D. Bagayoko and J. Callway, Phys. Rev. B 
28, 5412 (1983). 

12 A. Sakuma, J. Magn. Magn. Mater. 102, 127 (1991). 

13 A. Sakuma, J. Phys. Soc. Jpn. 61, 223 (1992). 

14 A. Sakuma, J. Phys. Soc. Jpn. 60, 2007 (1991). 

15 S. Ishida and K. Kitawatase, J. Magn. Magn. Mater. 104-107, 1933 
(1992); S. Ishida, K. Kitawatase, S. Fujii, and S. Asano, J. Phys. Condens. 
Matter 4, 765 (1992). 

16 B. I. Min, Phys. Rev. B 46, 8232 (1992). 

17 C. A. Kuhnen, R. S. de Figueiredo, V. Drago, and E. Z. da Silva, J. Magn. 
Magn. Mater. Ill, 95 (1992). 

18 H. Sawada, A. Nogami, and T. Matsumiya, in Computer Aided Innovation 
of Sew Materials, edited by M. Doyama, J. Kihara, M. Tanaka, and R. 
Yamamoto (Elsevier Science, New York, 1993), p. 213. 

19 J. M. D. Coey, K. O’Donnell, Q. Qi, E. Touchais, and J. H. Jack, J Phys. 
Condens. Matter 6, L23 (1994). 

20 Q. Qi, Ph.D. thesis, University of Dublin, 1994. 

21 Q. Qi, K. O'Donnell, E. Touchais, and J. M. D. Coey, Hyperfine Interac¬ 
tions (in press). 

22 R. Coehoom, G. H. O. Daalderop, and H. J. F. Jansen, Phys. Rev. B 48, 
3830 (1993). 

“S. Mater, P. Mohn, G. Dcmazeau, and B. Siberchicot, J. Phys. (Paris) 49, 
1761 (1988). 

24 S. Mater, S. Z. Phys. B 87, 91 (1992). 

25 Z. Q. Li, J. Phys. Condens. Mater 5, 1411 (1993). 

26 K. Miura, S. Imanaga, and Y. Hayafuji (in press). 

27 B. C. Frazer, Phys. Rev. 112, 751 (1958). 

28 T. Beuerle and M. Fahnle, Phys. Status Solidi B 174, 257 (1992). 

2, J. Kanamori, Prog. Theor. Phys. Suppl. 101, 1 (1990). 

30 A. J. Nozik, J. C. Wood, Jr., and G. Haacke, Solid State Commun. 7,1677 
(1969); M. J. Clauser, ibid. 8, 781 (1970). 

31 J. C. Wood, Jr., and A. J. Nozik, Phys. Rev. B 4, 2224 (1971). 

32 N. de Cristofaro and R. Caplow, Metal Trans. A 8, 35 (1977). 

33 T. Moriya, Y. Sumitomo, H. Ino, and F. E. Fajita, J. Phys. Soc. Jpn. 35, 
1378 (1973). 

34 K. Nakajima, S, Okamoto, and K. Okada, J. Appl. Phys. 65, 4357 (1989). 

33 K. Nakajima and S. Okamoto, in Proceedings of the International Sympo¬ 
sium on 3 d Transition Metal Thin Films, Sendai, 1991 (unpublished), p. 
21 . 

36 X. Bao, R. M. Metzger, and M. Carbucicchio, J. Appl. Phys. 73, 6734 
(1993). 

37 K. Nakajima, T. Yamashita, M. Takata, and S. Okamoto, J. Appl. Phys. 70, 
6033 (1991). 

38 J. Foct, J. Phys. (Paris) 35, C6-487 (1974); P. Rochegude and J. Foct, 
Phys. Status Solidi A 88, 137 (1985). 

39 K. Mitsuoka, H. Miyajima, H. Ino, and S. Chikazumi, J. Phys. Soc. Jpn. 
53, 2381 (1984). 

40 M. Sakamoto, Proceedings of the Second International Symposium on 
Physics of Magnetic Materials, Peking, 1992 (unpublished), p. 7. 

41 M. Q. Huang, W. E. Wallace, S. Simizu, R. T. Obermycr, and S. G. Sankar, 
J. Appl. Phys. 75, 6574 (1974); M. Q. Huang, W. E. Wallace, S. Simizu, 
and S. G. Sankar, J. Magn. Magn. Mater. 135, 226 (1994). 

42 K. H. Jack, J. Appl. Phys. (these proceedings). 

43 M. Takahashi (private communication); M. Takahashi, H. Shoji, H. Taka¬ 
hashi, H. Nashi, T. Wakiyama, M. Doi, and M. Matsui, J. Appl. Phys. 
(these proceedings). 

44 W. Y. Lai, Q. Q. Zheng, and W. Y. Hu, J. Phys. Condens. Matter 6, L259 
(1994). 


6636 J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


J. M. D. Coey 





Magnetic and Mossbauer studies of single-crystal Fe 16 N 2 and Fe-N 
martensite films epitaxially grown by molecular beam epitaxy (invited) 
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Single-phase, single-crystal Fei 6 N 2 (001) films and Fe-11 at. %N martensite films of 200-900 A 
thickness have been epitaxially grown on In 0i2 Gao 8 As(001) substrates by evaporating Fe in an 
atmosphere of mixed gas of N 2 and NH 3 , followed by annealing. The saturation magnetizations 
4ttM s ’s for Fe 16 N 2 and Fe-N martensite films have been measured to be around 29 and 24 kG at 
room temperature, respectively, and almost constant in the above thickness range by using a 
vibrating sample magnetometer. 4 ttM s for Fe-N martensite films has been increased with ordering 
of N atoms caused by annealing and finally reached around 29 kG for Fe 16 N 2 . Mossbauer spectra 
have been measured for those films. The spectrum for Fe-N martensite films was a superposed one 
with hyperfine fields of 360, 310, and 250 kOe, similar to those previously reported for martensite. 

While the spectrum became simpler with ordering, finally reaching a single hyperfine field of 330 
kOe for Fe !6 N 2 . 4 t tM s of 29 kG for Fe, 6 N 2 (3 2 /*„/Fe atom) and 4 t tM s of 24 kG for martensite 
(2.6 /i B fFt atom) has not been explained based on the conventional band theory of 3d metal 
magnetism. Behaviors of Mossbauer spectra could not be understood based on the conventional 
concept either. Thus a new physical concept is likely to be needed for clarification of giant magnetic 
moments and Mossbauer spectra for Fe 16 N 2 and Fe-N martensites. 


I. INTRODUCTION 

In 1972, Kim and Takahashi 1 found that Fe-N films, 
evaporated in a N 2 gas atmosphere, exhibit 25.8 kG for the 
saturation magnetization 4ttM s at room temperature, which 
is h'gher than that of pure Fe by 17%. Furthermore, they 
confirmed that the Fe-N films are polycrystalline, consisting 
of Fe and Fe 16 N 2 crystallites and estimated the 4ttM s of 
Fe 16 N 2 to be 28.3 kG from the volume fraction of Fe 16 N 2 in 
the films. Fei 6 N 2 is a metastable Fe-N compound with a bet 
structure, which was discovered by Jack 2 in 1951. 

Quite recently, Komuro et al? A and Sugita et al. 5 have 
grown single-phase, single-crystal Fe 16 N 2 films of around 
500 A thickness epitaxially on In 02 Ga 08 As(001) substrates 
by using molecular-beam epitaxy (MBE) and found that the 
4vM s of Fe 16 N 2 films is around 29 kG at room temperature 
and around 32 kG at 5 K. Those values are equivalent to the 
average magnetic moments of 3.2 and 3.5 fi B per Fe atom at 
room temperature and 5 K, respectively. These are truely 
giant magnetic moments, much greater than the Slater— 
Pauling curves. 6 

More recently, 4 ttM s of Fe-N films and powders formed 
by sputtering, 7 " 11 ion implantation, 12 and ammonia 
nitrification, 13 1S have been intensively investigated. In many 
cases, significant increases in 4ttM s for Fe-N or Fe 16 N 2 have 
been found, 7,8 ’ 11 " 13 although the values are different. In con¬ 
trast to these, Takahashi et al. i0 reported that a significant 
increase in 4rrM s is not observed for Fe 16 N 2 films epitaxi¬ 
ally grown on MgO substrates by reactive plasma sputtering. 
The reasons for the above different results of 4trM s for 
Fe 16 N 2 and Fe-N films remain to be clarified. 


In this study, the effect of ordering of N atoms on 4vM s 
and the film thickness dependence of 4ttM s have been in¬ 
vestigated in detail for single-crystal Fe )6 N 2 and Fe-N mar¬ 
tensite films epitaxially grown on In 0 2 Ga (l 8 As substrates by 
MBE. Also, the Mossbauer spectra have been measured for 
those films. 

II. EXPERIMENT 
A. Sample preparation 

Fe 16 N 2 and Fe-N films were prepared in an atmosphere 
of mixed gas of N 2 and NH 3 by using an MBE apparatus 
equipped with electron-beam evaporation sources. 
In 02 Gao 8 As(001) single-crystal wafers were used as sub¬ 
strates because the lattice matching between In 02 Ga 08 As 
(5.71 A) and the a axis of Fei 6 N 2 (5.72 A) is very good. The 
substrates were etched by using 5:1:0.3 solution of 
H 2 S0 4 :H 2 0:H 2 0 2 . After that, the substrates were mounted 
on a stainless-steel block with indium bonding and cleaned 
by heating at 675 °C for 5 min in the MBE chamber 
(CIXUT 9 Torr). The temperatures of the samples were 
measured at the backside of the stainless block. The purity of 
Fe used as the deposition source was 99.999%. 

The deposition conditions are listed in Table I. Those 
conditions were selected based on the trade off between ep¬ 
itaxial growth and introduction of around 11 at. % N into 
deposited films for forming Fe 16 N 2 . Among these, the depo¬ 
sition rate and the gas pressure were most critical. Film 
thicknesses were 200-900 A. 
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TABLE I. Deposition conditions of Fe-N and Fe films on inGaAs(001) 
substrates. 



Fe-11 at. % N 

Fe 

Base pressure (Torr) 

1X10' 9 

<— 

Gas 

N 2 +20%NH 3 

vacuum 

Substrate temperature (°C) 

200 

250 

Deposition rate (A/s) 

0.02-0.03 

0.1 

Pressure during deposition (Torr) 

1 -2X10 -4 

5X10" 7 


Pure Fe films were prepared on I% 2 Gafl g As(001) sub¬ 
strates in vacuum of 5X10 -7 Torr for comparison with Fe-N 
films and reference for measurements. 

B. Characterization 

Nitrogen concentrations in those films were measured by 
using x-ray photoelectron spectroscopy (XPS) and Auger 
electron spectroscopy (AES). Figure 1 shows the intensity 
ratio of N Is to Fe 2 p peaks of XPS versus N concentration 
curve used as calibration. The relationship was obtained us¬ 
ing standard Fe-N powder samples with various concentra¬ 
tions. Concentrations of Fe-N films used in this study were 
around 10-11 at. % N as shown in Fig. 1. The depth profile 
of the concentration was obtained by AES. 

The film thicknesses were measured routinely by using a 
needle contact feeler gauge. Some of the obtained values 
were checked by comparing with the thicknesses measured 
by using the cross-sectional transmission electron micros¬ 
copy (TEM) images as shown in Fig. 2. The agreement be¬ 
tween both data is very good, suggesting an error of mea¬ 
surement of less than ±3% with the exception of one point. 



Binding energy (eV) 



FIG. 1. The intensity ratio of N Is to Fe 2 p peaks of XPS as a function of 
N atom concentration in standard Fe-N powder samples along with Fe-N 
films used in this study. 



FIG. 2. Comparison between film thicknesses measured with a cross- 
sectional TEM and a needle contact feeler gauge. 

The crystal structures of the samples were investigated 
by the x-ray-diffraction (XRD) method using monochromatic 
OiKa radiation. Also, the crystallinity of the films was 
evaluated with reflection high-energy electron-diffraction 
(RHEED) analysis. 

The saturation magnetizations 4ttM s '& of the films were 
measured with a vibrating sample magnetometer (VSM). 
Samples were circular plates of 8 mm diameter which were 
formed very accurately by using photolithography and etch¬ 
ing using HN0 3 . Therefore the measurement error of 4 -nM s 
obtained was likely to be less then ±5% (sample volume 
±3%, VSM ±2%). 

Mossbauer spectra were measured by using a conversion 
electron-type apparatus. Samples were coated with around 
100 A thick Au layers for protection against oxidation. Be¬ 
fore and after the Mossbauer measurements, 4 ttA/ s was 
measured and made sure to remain the same by a VSM. 

III. RESULTS AND DISCUSSION 
A. Effect of ordering of N atoms on 4ir/lf, 

Fe-11 at. % N films of around 500 A thickness were 
prepared with changing annealing time after the deposition 
of the films. Annealing was carried out at 200 °C in vacuum 
of 10 -8 Torr. Figures 3(a)-3(c) show XRD patterns for unan¬ 
nealed, annealed (40 h), and fully annealed (90 h) samples. 
In Fig. 3(a), peaks for Fe 16 N 2 (a") are not seen, but only the 
(002) peak for Fe-N martensite (a') is seen at 58.1°. This 
shows that N atoms are located in disorder. In this case also, 
a RHEED pattern of straight fine streaks is seen, which sug¬ 
gests that the film is a high quality single crystal. In Fig. 
3(b), the a"(002) peak appears at around 28.1°, but it is much 
smaller than the peak at 58.1° corresponding to a'(002) and 
a"(004). The ratio is around 0.04. Taking into consideration 
that the ratio of the peak intensity of ol'{ 002) to a , '(004) is 
calculated to be 0.125 for Fe 16 N 2 , the film is considered to 
be a mixture of a' and a"; that is, ordering of N atoms 
occurs partially. In Fig. 3(c), the a"(002) peak becomes 
stronger and the intensity ratio of two peaks is around 0.1, 
showing that the film is single-phase Fe 16 N 2 with full order¬ 
ing of N atoms in a bet structure. This is confirmed by a 
RHEED pattern of fine streaks with half period of pure Fe. 
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FIG. 3. XRD patterns for unannealed and annealed Fe-U at. % N films, (a) 
Unannealed, Fe-N martensite (a'); (b) annealed at 200 °C for 40 h, a' + a''; 
and (c) annealed at 200 °C for 90 h, Fe, 6 N 2 (a"). 


Thus the ratio of o"(002) peak to a"(004) and a' (002) peaks 
can be a measure of ordering N atoms in Fe-N films. The 
lattice parameters for a are 6.33 A (c axis) and 5.71 A (a 
axis), which are close to previously reported values. 2 

Magnetization curves for the above samples measured 
with a VSM are shown in Fig. 4. AttM s for an Fe-N marten¬ 
site (a') film is 24 kG and that for an Fe 16 N 2 (a") film is 29 



FIG. 4. Magnetization curves for unannealed and annealed Fe-11 at. % N 
films as shown in Fig. 3. a', dotted lino; a'+cl', dashed line; a", solid line. 
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FIG. 5. The relationship between 4ttM s and ordering of N atoms expressed 

by /a"(002)//[a"(004)+a'(002)]. 

kG. For an intermediate film, 4 ttM s is 27 kG, an intermedi¬ 
ate value of a' and ol'. The relationship between AnM s and 
ordering of N atoms is shown in Fig. 5. 47rAf s is increased 
monotonically from 24 kG for a' up to 29 kG for ol' with 
ordering of N atoms or the intensity ratio of a"(002) peak to 
[a"(004)+a'(002)] peaks. The deviation of data is rather 
large. This is due to inaccuracy of measurement of weak 
a"(002) peak intensities. However, the above relationship is 
clear. 

As shown in Fig. 4, all samples exhibit low remanence. 
Possibly stripe domains are formed by strong perpendicular 
anisotropy, that is, the magnetization tilts upwards and 
downwards from the films plane periodically. 

B. Film thickness dependence of 4 wM, 

AttM s ’s for Fe 16 N 2 and Fe-N martensite films are shown 
as a function of the film thickness from 200 to 900 A in Fig. 
6. For comparison, the data for epitaxially grown Fe films of 
the same thickness range measured in the exactly same way 
are shown. 

4 ttM s for Fei 6 N 2 films is around 29 kG and does not 
depend on the film thickness in this range at all. This means 
that the giant magnetization for Fe 16 N 2 originates from the 
bulk properties of Fe )6 N 2 , not from the surface. 4 ttM s for 
Fe-N martensite films is around 24 kG and also does not 
depend on the film thickness. Quite large deviations are seen 
in the thinner thickness region, but this is due to the diffi¬ 
culty of detecting partial formation of small amount of 



Film Thickness (A) 


FIG. 6. Film thickness dependence of 4ttM s for Fe 16 N 2 and Fe-N marten¬ 
site films along with Fe films. 
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FIG. 7. AES profile for an Fe 16 N 2 film. 

Fe I6 N 2 in Fe-N martensites. Here it should be noticed that 
4irM s for pure Fe films is around 21.5 kG over the thickness 
range, which is very similar to the bulk value previously 
reported. This confirms that the accuracy of the measurement 
of 4 7 tM s of films in the thickness range is very high and the 
obtained 4irM s ’s for Fe 16 N 2 and Fe-N martensite are correct. 
Furthermore, 4ttM s for Fe 16 N 2 was confirmed to be 28 kG 
also by FMR 16 independently of VSM measurements. 

Figure 7 shows a typical AES profile for a 550 A thick 
Fe 16 N 2 film. The concentrations of Fe and N atoms are just 
around 89 and 11 at. % for Fe 16 N 2 , respectively, through the 
film thickness, except for 10-20 A thick regions of the top 
and bottom surfaces of the film. This is consistent with the 
above data of 4ttM s independence on the film thickness. The 
concentrations of impurities such as oxygen atoms are much 
smaller than 1% except for the top surface of the film. 

C. Mossbauer spectra 

Mossbauer spectra for Fe-N martensite, intermediate, 
and Fe 16 N 2 films are shown in Fig. 8. As shown in Fig. 8(a), 
the spectrum for an Fe-N martensite film with 4trM s of 24 
kG is a complicated one, being superposed with three kinds 
of hyperfine fields of 360,310, and 250 kOe. This is substan¬ 
tially similar to previously reported data 17,18 for Fe-N mar- 
tens.te foils. The spectrum for a film of partial ordering with 
4ttM s of 27 kG becomes simpler as shown in Fig. 8(b). The 
spectrum is still a superposed one, but a hyperfine field of 
around 330 kOe appears clearly. For an Fe 16 N 2 film with 
4ttM s of 29 kG, the spectrum becomes very clear with the 
single hyperfine field of 330 kOe as shown in Fig. 8(c). The 
same spectra are observed for five different Fe 16 N 2 samples 
prepared at different times. The spectrum is quite different 
from previously reported data for Fe 16 N 2 precipitates formed 
from Fe-N martensite powders 19 by 100 °C annealing and N 
ion implanted Fe-N films including Fe 16 N 2 . 20 The previous 
data are rather similar to that for martensite or intermediate 
ones as shown above. 

The hyperfine field of 330 kOe for Fe 16 N 2 is very similar 
to that for pure Fe. Apparently it seems contradictory that the 
hyperfine fields are almost the same, although the magnetic 
moments are very different. However, the relationship be¬ 
tween the magnetic moment and the hyperfine field is very 
complicated and not definite, since the magnetic moment 
originates from the polarization of 3d electrons, while the 
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FIG. 8. Mossbauer spectra for unannealcd and annealed Fe-11 at. % N films, 
(a) Fe-N martensite (a'), (b) Fe-N intermediate (a'+ol'), and (c) 

Fe 16 N 2 (a"). 

hyperfine field comes from that of Is, 2s, and 3s electrons. 
Therefore the above experimental results cannot be said to be 
contradictory based on the simple linear relationship. 

D. Origin of giant magnetic moment 

The magnetic moment for Fe 16 N 2 has been calculated 
using the local spin-density functional approach by 
Sakuma 21 first and then by several scientists. 22-26 All the 
calculated average magnetic moments are around 2.4-2.5 
per Fe atom. These are much smaller than the experimental 
value of 3.2 /u, B per Fe atom for Fe 15 N 2 and smaller than 2.6 
H B per Fe atom even for Fe-N martensite. Therefore the con¬ 
ventional theoretical approach is inadequate for discussion 
on the issue of the giant magnetic moment. In the above 
calculations, the volume expansion effect and the charge- 
transfer effect between Fe sites due to the introduction of N 
atoms are treated automatically. Therefore some other new 
effects of N atoms such as local binding between Fe and N 
atoms should be taken into consideration in addition to the 
above-mentioned two effects. In discussing the issue, it is 
important to notice that the magnetic moment increases with 
ordering of N atoms from 2.6 to 3.2 n B per Fe atom, al- 
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though the bet structure remains the same. Also, it should be 
noticed that the hyperfine field for Fei 6 N 2 is 330 kOe and the 
same for three kinds of Fe sites with different distances to N 
atoms. 

As for the different values of 47 tM s and Mossbauer 
spectra for Fe 16 N 2 and Fe-N reported by different authors, it 
is likely that some of them come from the difference in or¬ 
dering and/or concentration of N atoms. Also, some impuri¬ 
ties such as oxygen atoms might suppress the enhancement 
of magnetic moment in some cases. However, the reasons for 
this remain unclear yet. 

IV. CONCLUSIONS 

Single-crystal Fe 16 N 2 and (Fe- around 11 at. % N) mar¬ 
tensite films of 200-900 A thickness have been grown epi¬ 
taxially on Ino^Gao 8 As(001) substrates by MBE. 4vM s ’s for 
Fe 16 N 2 and Fe-N martensite films have been confirmed to be 
around 29 and 24 kG at room temperature, respectively. 
47 tM s for Fe-N martensite films has been found to increase 
with increase in ordering of N atoms by annealing and finally 
reach around 29 kG for Fe 16 N 2 . 

47 tA/j’s for Fe 16 N 2 and Fe-N martensite films were al¬ 
most constant in the range of the film thickness from 200 to 
900 A. 

Mossbauer spectrum for Fe-N martensite films was 
found to be a superposed one with hyperfine fields of 360, 
310, and 250 kOe, The spectrum became simpler with in¬ 
crease in ordering, finally reaching a spectrum with a single 
hyperfine field of 330 kOe. 

4vM s of 29 kG for Fe 16 N 2 (3.2 fi B /Fe atom) and 24 kG 
for Fe-N martensite (2.6 fi B l Fe atom) has not be explained 
based on the conventional band theory of 3d metal magne¬ 
tism. Behaviors of Mossbauer spectra could not be under¬ 
stood either. Thus a new physical concept is concluded to be 
needed for clarification of giant magnetic moments and 
Mossbauer spectra for Fe 16 N 2 and Fe-N martensite. 
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Magnetic moment of a "-Fe 16 N 2 films (invited) 

Migaku Takahashi, H. Shoji, H. Takahashi, H. Nashi, and T. Wakiyama 

Department of Electronics Engineering, Tohoku University, Sendai 980-77, Japan 
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In order to determine the value of the intrinsic magnetic moment of the a " phase, the films of 
nitrogen-martensite with various N content were fabricated under various reactive sputtering 
conditions. The magnetic moment of (a"+a')-Fe 16 N 2 films is discussed in connection with the 
change of the unit-cell volume of the bet structure and the degree of N site ordering in 
nitrogen-martensite. As a result, it is found that (1) the same structure as bulk a "-Fe 16 N 2 is realized 
in the present films, (2) the saturation magnetization a s of the a' phase increases about 4% with 
increasing unit-cell volume of the a' phase, (3) the degree of N site ordering from a' to a "-Fe 16 N 2 
does not much affect cr s , and (4) the experimentally obtained maximum value of a s for the 
(a"+a')-Fe 16 N 2 film was 232 emu/g. The intrinsic value of cr s in the a" phase (in the perfectly 
ordered state) is proposed to be no more than 240 emu/g at 300 K. 


I. INTRODUCTION 

Recently, the present authors have established synthesiz¬ 
ing processes for a "-Fe 16 N 2 compound films on MgO (100) 
single-crystal substrates by using both reactive sputtering 
and plasma evaporation methods. 1,2 

However, the magnitude of the saturation magnetization 
<r s for (a"+a')-Fe 16 N 2 films with stoichiometric N content 
showed 226 emu/g for sputtered films and 232 emu/g for 
plasma evaporated films, respectively. The films thus fabri¬ 
cated did not show any giant magnetic moment, even though 
clear formation of (a"+a')-Fe 16 N 2 phase was achieved. 
These values of a s in (a"+a')-Fe 16 N 2 films agree well with 
the result of the recent theoretical band calculation, 3 and are 
completely different from the earlier results reported by vari¬ 
ous groups. 4 ' 7 

Up to now, reported values of a s of the a " phase (about 
257-315 emu/g) were estimated ones (not directly mea¬ 
sured) except for the films synthesized by MBE 7 (2.9 T di¬ 
rectly measured, a" single phase). The estimation of the 
value of a s in the a " phase was carried out by using experi¬ 
mentally determined volume-averaged values of a s (240- 
260 emu/g) 4-6 after fixing the volume fraction of the a" 
phase in whole films which consist of phase mixtures of 
a-Fe+a"-Fe 16 N 2 and/or a+a' + a"+y'-Fe 4 N-l—. 

There still exist some physical problems concerning u s 
of the a"-Fe i6 N 2 phase, especially for the multiphase films, 
namely, (1) the big difference among reported values o.’ a 5 in 
the a" phase, from 257 to 315 emu/g at RT, and (2) quanti¬ 
tative evaluation for fixing the volume fraction of the a" 
phase in whole film. These physical situations lead to a con¬ 
clusion that the intrinsic magnetic moment of a s in the a " 
phase is still unknown. 

On the other hand, for the single-crystal films with a 
single a" phase prepared by the MBE method, 7 there also 
exists some physically contradictive problems: (l) No clear 
superlattice lines from the lattice planes including the a axis 
in the a" phase were detected, even though a perfect site 
ordering of N atoms was realized; 8 (2) the hyperfine field Hi 
of the a " phase was nearly equal to that of a-Fe (330 kOe) 
and no splitting of Hi due to three different Fe sites in the 


a "-Fe 16 N 2 structure was observed, 8 even though a s showed 
2.9 T (=315 emu/g, assuming p-lA g/cm 3 for a "-Fe 16 N 2 ); 
(3) <r s of the fully ordered a "-Fe 16 N 2 films changed revers¬ 
ibly within the temperature range up to 400 °C and an irre¬ 
versible change of a s due to the phase transformation from 
a " to a+ y 1 was not observed. 8 According to the experiment 
by Jack using powder, the a " phase is metastable and it must 
decompose into a+ y' phases at about 200 °C. 10 

These experimental results lead to a physical conclusion 
that the appearance of the giant magnetic moment in 
a "-Fe 16 N 2 films proposed by Kim and Takahashi and Ko- 
muro et al. are not simply attributable to the conventional 
a "-Fe 16 N 2 structure. Therefore the origin of the giant mag¬ 
netic moment arising from the nitrogen-martensite structure 
is still under question. 

In the present study, in order to determine the value of 
the intrinsic magnetic moment of the a" phase, nitrogen- 
martensites with various N content were systematically fab¬ 
ricated under various sputtering conditions. Also, the mag¬ 
netic moment of (a"+a')-Fe 16 N 2 film is discussed in 
connection with the change of the unit-cell volume of the 
body-centered tetragonal (bet) structure and the degree of N 
site ordering in nitrogen-martensites. 

II. EXPERIMENTAL PROCEDURE 

Fe-N films were fabricated by a facing target-type dc 
sputtering system under the selected plasma condition (Te 
=0.2 eV, Ne=lxi0 10 cm -3 ). The base pressure of the sput¬ 
tering chamber was below 3X10 -7 Torr. An Ar-N 2 mixture 
was introduced to the sputtering chamber at 5 seem (standard 
cc/min) with controlling N 2 flow ratio (0%-30%) under a 
fixed total pressure (1-10 mTorr). 

MgO (100) and (110) single-crystal substrates were 
used. Before the film fabrication, substrates were baked at 
200 °C for 2 h and cooled down to RT. This heat treatment 
was carried out in the evacuated sputtering chamber 
(=2X10 -6 Torr). 

Prior to the fabrication of Fe-N films, an a-Fe underlayer 
with thickness of 50 A was deposited on MgO (deposition 
rate=33 A/min; Ar pressure P Ar =5 mTorr). Successively, an 
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Fe-N film with a thickness of 3000 A was deposited onto the 
a-Fe underlayer (deposition rate=33-240 A/min; pressure 
of Ar-N 2 mixture F lota ,=l-10 mTorr). 

Annealing of the films after an air exposure was carried 
out at 150 °C for 2-20 h in a vacuum atmosphere below 
5X10 -6 Torr. 

Values of the saturation magnetization a s of the films 
were determined by a vibrating sample magnetometer 
(VSM) measurement. Conversion electron Mossbauer 
(CEM) spectra were obtained at RT. The velocity was re¬ 
ferred to the pure a-Fe. 

Structure analysis of the films were made with a Co Ka 
x-ray diffractometer (XRD) equipped with a graphite mono¬ 
chrometer and a pole figure attachment. Schultz’s reflection 
method was used for the determination of lattice constants 
and preferred orientation of grains. Contents of nitrogen at¬ 
oms in the films were determined by electron spectroscopy 
for chemical analysis (ESCA). Calibration of nitrogen con¬ 
tents were made by using the value obtained from e-Fe 2 _ 3 N 
foil (24.2 at. % N) for a standard sample. 

N contents in the films increased with increasing N 2 flow 
ratio. In the case of the film deposited at P tota | of 5 mTorr and 
N 2 flow ratio of 18%, the N content was found to be about 11 
at. %, which is the same value as the stoichiometric N con¬ 
tent of the a "-Fe 16 N 2 phase. 

III. RESULTS AND DISCUSSION 
A. Structure 

According to Jack , 10,11 in the a' phase, N atoms occupy 
randomly the octahedral interstices at the midpoints of the c 
edges of the bet cell (0, 0, 5 ), and the centers of the C faces, 
( 5 , 5 , 0). As a result, the lattice constant c of the a' phase is 
elongated from 2.866 to 3.195 A and the lattice constant a is 
shortened from 2.866 to 2.832 A, respectively, depending on 
the N content. 

The a " phase has an ordered N site location of the oc¬ 
tahedral interstices. The unit cell of the a " phase contains 
eight of the expanded bet pseudo-unit cells and has dimen¬ 
sions a'= 2a and c'= 2 c, where a and c are the lattice con¬ 
stants of the pseudocell. In the larger true unit cell, the sym¬ 
metry is also bet, since the a" phase can be identified by 
observing reflections from this larger true unit cell for which 
(h + k+l ), Miller’s index, is even. Based on this structural 
knowledge, phase identification is carried out in the present 
films. 

In the case of a Mg^lOO) single-crystal substrate, a 
diffraction line from the ( 002 ) plane of the a" phase, 
a "(002), which is expected to appear around 33° for 20, was 
not observed in an as-deposited state. Only a'(002) was 
clearly observed in the high angle region. The peak position 
of a' (002) shifted from 15° to 68 ° for 20 with increasing N 2 
flow ratio. This shift to lower angle of 20 is simply explained 
by the elongation of the c axis of the bet structure of the a' 
phase. By taking into account the N concentration depen¬ 
dence on lattice constants a and c in nitrogen-martensite,” 
the N content of the a' phase in the present films was found 
to increase with increasing N 2 flow ratio. This result agrees 
well with that of ESCA measurements. 



FIG. 1. X-ray diffraction patterns for the films fabricated under P lola i=5 
mTorr, deposition rate=240 A/min after annealing at 150 °C for 2 h. 


In Fig. 1, typical changes of XRD patterns of the films 
after annealing are shown. After annealing, a'(002), which 
had been observed in an as-deposited state, split into two 
diffraction lines. One corresponds to a "(004) and/or a '(002) 
with satisfying stoichiometric N content of a"-Fe 16 N 2 (11 
at. % N). The other corresponds to a(002) of slightly de¬ 
formed a-Fe. Furthermore, simultaneously at around 33° for 
20, a "( 002 ), which is the diffraction line from the larger true 
unit cell of the a " phase, came to be clearly observed. This 
fact means that the ordering of N atoms was promoted by 
annealing while retaining the bet structure and the a " phase 
with stoichiometric N content was synthesized. 

The unique diffraction patterns from (103), (105), (112), 
(114), and (213) planes of the a" phase, including the a axis 
for (a "+a')-Fe 16 N 2 film, are shown in Fig. 2. As seen in the 



20 (deg) 


20 (deg) 


FIG. 2. The unique diffraclion patterns from (103), (105), (112), (114), and 
(213) planes of the a" phase including the a axis for (a''+a')-Fe 16 N 2 film 
fabricated under F^^IO mTorr, F N; = 12%, deposition rate=33 A/min, 
and annealed at 150 °C for 2 h. 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Takahasht et at. 6643 









cos 2 0/sin0+cos 2 0/0 


FIG. 3. The lattice constants a and c of the a" phase, determined by various 
unique diffraction lines of the a " phase, plotted against the Nelson-Riley 
function. Fabrication conditions of the films: (1) P, ou i=10 mTorr, 
Fm 2 =16%, deposition rate=240 A/min, annealed at 150 °C for 2 h; (2) the 
same as (1) annealed for 20 h; (3) P, olll =10 mTorr, F N2 = 12%, deposition 
rate=33 A/min, annealed at 150 °C for 2 h. 

figure, the existence of the a" phase was reconfirmed by 
these clear unique diffraction lines. In order to determine 
accurate lattice constants a and c of the a " phase, the lattice 
constants a calculated from each plane are plotted against the 
Nelson-Riley function 12 (cos 2 0/sin 0+cos 2 0/0) in Fig. 3. In 
the figure, the reflections marked (3) correspond to the film 
shown in Fig. 2, and those marked (1) and (2) correspond to 
(a"+a')-Fe 15 N 2 films prepared by different experimental 
conditions. As a reference, the lattice constant c calculated 
from a "(002) and a "(004) is also shown as (1). Each ex¬ 
trapolated value of the lattice constants a and c of the 
present films coincided with that of the a "-Fe 16 N 2 precipi¬ 
tates in bulk powder reported by Jack. 10 Therefore it is con¬ 
cluded that the a " phase formed in sputtered films has the 
same structure as the bulk a" phase. 13 

While in the case of a MgO(llO) single-crystal substrate, 
a preferred grain orientation of (211) and (112) of the a' 
phase was found in an as-deposited state. By annealing, 
unique diffraction lines of the a" phase, a "(211), and 
a "(112), were observed. Therefore it was found that the a" 
phase with a preferred orientation of (211) of the a" phase 
can also be synthesized even on MgO(llO) substrates. 
Through the whole result, relationships concerning the crys¬ 
tal orientation between a"-Fe 16 N 2 structure and MgO are 
shown in Table I. 

B. Magnetic moment 

1. Dependence of magnetic moment on N 2 flow ratio 

Values of cr s in an as-deposited state increased slightly 
with increasing N 2 flow ratio, and took a maximum of 220 
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TABLE I. Crystal orientation relations between a"-Fe I6 N 2 and MgO. 


MgO(lOO) 

MgO(llO) 

a "(001)||MgO(001) 

a"(211)||MgO(101) 

a''[110]||MgO[100] 

<*"[011]j|MgO[001] 


emu/g around a N 2 flow ratio of 15%. The N content of the 
films, which showed the broad maximum in cr s , was nearly 
equal to the stoichiometric N content of Fe 16 N 2 (11 at. %). 
The values of a s for annealed film with stoichiometric N 
content of Fe ]6 N 2 (11 at. %) ranged from 213 to 226 emu/g. 
The average values of cr s for Cu-coated films were 228 
emu/g for the film consisting of the a' phase and 232 emu/g 
for the film consisting of (a"+ar')-Fe 16 N 2 phases. The dif¬ 
ference of the value of er s between coated and noncoated 
ones may mainly be caused by the surface oxidation due to 
the adsorbed oxygen at the film surface introduced by vent¬ 
ing the chamber with air. In the case of films deposited on a 
MgO(llO) substrate, the value of a s in (a"+a')-Fei 6 N 2 was 
210 emu/g (non-Cu-coated). As a whole, maximum values of 
CTj of about 232 emu/g were obtained for (a"+«')-Fe 16 N 2 
films in the present study. This experimentally determined 
value was definitely smaller than the value reported as a 
giant magnetic moment of 2.9 T. 7 

Dependence of magnetic moment on unit-cell 
volume 

Figure 4 shows the changes of a s against unit-cell vol¬ 
ume of the a' phase with various N contents in an as- 
deposited state. In the figure, 1/8 of the unit-cell volume of 
the bulk a "-Fe 16 N 2 is indicated. Filled marks correspond to 



FIG. 4. The changes of against unit-cell volumes: (1) a phase with 
various nitrogen contents in an as-deposited state, and (2) annealed 
(a"+a')-Fe 16 N2 films with and without Cu coating. H and L correspond to 
high (240 A/nnn) and low (33 A/min) deposition rates, respectively 
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FIG. 5. The change of x-ray prudes against annealing time for the film with 
stoichiometric N content of the a" phase (11 at. %) sputtered under 
10 mTorr, F N2 =10%, and deposition rate=33 A/min. 

the annealed (a"+a')-Fe 16 N 2 films with stoichiometric N 
content. In the same figure, a s for the Cu-coated films are 
also shown. 

For the films consisting of a' single phase (in an as- 
deposited state), the values of cr s increased slightly with the 
increment of the unit-cell volume. At the unit-cell volume of 
about 25.5 A 3 {a phase with 11 at. % N), a s showed 228 
emu/g on average (Cu-coated) and this value was about 4% 
higher compared to that of bulk «-Fe. 

In the case of annealed (a"+a')-Fc 16 N 2 films (Cu- 
coated). the value of a s showed 232 emu/g on average, and 
were about 2% larger than that of each as-deposited film, 
while the unit-cell volume of the a" phase is always con¬ 
stant and coincided with that of the bulk a " phase (see Fig. 
3). The unit-cell volume of the a" phase with 11 at. % N is 
equal to that of the a "-Fe 16 N 2 phase within the accuracy of 
this experiment. Therefore the change of a s by annealing in 
nitrogen-martensite with 11 at. % N content cannot be dis¬ 
cussed as a function of the change of unit-cell volume of a 
bet structure caused by the phase transformation from a' to 
a" phase. In the next section, as a second physical factor the 
degree of N site ordering in nitrogen-martensite will be dis¬ 
cussed in connection with the change of . 

3. Dependence of magnetic moment on N site 
ordering 

To evaluate the degree of N site ordering in the bet struc¬ 
ture of nitrogen-martensite, two factors should be taken into 
account. One is the change of the integrated intensity of the 
a "(002) line which is the unique superlattice diffraction 
from the a " phase. Another is the integrated intensity ratio 
of a "(004)+ a 1 (002) to a "(002), R t , namely 

(004) + J a (002)V^“ (002)- 

The calculated value of R/ is about 8 for the ideal structure 
of the a" phase. 14 

Figure 5 shows the change of XRD profiles against an¬ 
nealing time for the film with stoichiometric N content of the 
a" phase (11 at. %). From these profiles, the intensity of 
a(200) was relatively very weak and any diffraction lines 
from the y ' phase were not observed. After annealing for 2 
h, a "(002) came to be observed clearly. By annealing further 



FIG. 6. The change of <t s against the integrated intensity ratio /?, for the 
films sputtered under F, o m = 10 mTon, deposition rate=33 and 240 A/min, 
Fn 2 =10% and 16%, non-Cu-coated. 

for 20 h, the integrated intensity of a "(002) increased about 
20% compared to that of 2 h. On the other hand, the experi¬ 
mentally determined value of R t changed from 50 to 28 with 
the increase of annealing time. 

Therefore, from these experimental results (1) the in¬ 
crease of the integrated intensity of a "(002) and (2) the 
change of R, approaching to the ideal value of 8, the increase 
of degree of N site ordering in nitrogen-martensite, which 
directly corresponds to the increase of the volume fraction of 
the a " phase in the films, is strongly promoted by annealing. 

In Fig. 6, the changes of <r s in (a"+a')-Fe 16 N 2 films by 
isothermal annealing at 150 °C are shown against the inte¬ 
grated intensity ratio R,. For one film a s increases slightly 
from 218 (as deposited) to 226 emu/g at 7f/=36.4 (20 h). On 
the other hand, for another film, (t s takes the value of about 
222 emu/g at R,=49 (2 h) and keeps a constant value even 
though R, approaches to the value of 8. From these experi¬ 
mental facts, it was found that the degree of N site ordering 
in nitrogen-martensite does not much affect the increment of 
a s . The expected values of cr s at R,=% (perfect ordered state 
in a"-Fei 6 N 2 ) estimated by the simple extrapolation with 
using the data points of a s against R t are no more than 222- 
240 emu/g, a value which is definitely smaller than the giant 
magnetic moment of 2.9 T. 

4. Dependence of magnetic moment on temperature 

Figure 7 shows the temperature dependence of cr s in 
(a "+«')-Fe 16 N 2 films with stoichiometric N content depos¬ 
ited on MgO (100) and (110) substrates, respectively. Heat¬ 
ing and cooling were at 60 °C/h. On heating, the value of 
a s gradually decreased with increasing temperature. Around 
200 °C a sudden discontinuous decrease of a s from 200 to 
170 emu/g was observed. With further increasing tempera¬ 
ture, ar s decreased monotonously and reached about 130 
emu/g at 400 °C, while on cooling, the change of a s with 
respect to temperature was completely different from that of 
heating, and no sudden change of a s was observed. The sud¬ 
den discontinuous change of <j s observed around 200 °C is 
considered to correspond to the phase change from a"+a' 
to a+y'. Therefore the hysteresis in the a s -T curve is 
caused by this irreversible phase decomposition from 
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FIG. 7. The temperature dependence of cr s in the films consisting of the a" 
phase deposited on MgO (100) and (110) substrates fabricated under 
P loll ,=10 mTorr, deposition rate =240 A/min, andF N2 =16% after an initial 
anneal at 150 °C for 2 h. 


(a)As-dapo. 

I 



(b)150° C X 2 h. \ 



(c)150° C x 20 h. 
i 
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FIG. 8. Mossbauer spectra of (a"+a')-Fe 16 N 2 film (non-Ci-coated) mea¬ 
sured at R.T. (a) As-deposited, (b) annealed at 150 °C for 2 h, and (c) 
annealed at 150 °C for 20 h, respectively. The film was deposited under 
P,oui=10 mTorr, deposition rate=240 A/min, and P Nj =16%. 


TABLE II. Mossbauer parameters of the film deposited under iP tott i=10 
mTorr, F Nj = 16%, deposition rate=240 A/min. Hi is the hyperfine field, IS. 
the isomer shift, e.q.Q. the quadrupole splitting, Hwid the distribution of Hi, 
and area the relative intensity, respectively. 


Site 

Hi 

(kOe) 

I.S. 

(mm/s) 

e.q.Q. 

(mm/s) 

Hwid 

(kOe) 

Area 

(%) 

Fe(I) 

289 

0.01 

-0.05 

7.00 

21.3 

Fe(II) 

316 

0.17 

0.04 

7.00 

31.3 

Fe(III) 

391 

0.11 

-0.05 

7.00 

11.2 

a-Fe 

(As-deposited) 

335 

0.02 

-0.007 

7.00 

36.1 

Fe(I) 

289 

0.01 

-0.05 

4.00 

17.8 

Fe(II) 

316 

0.17 

0.04 

4.00 

41.8 

Fe(III) 

391 

0.11 

-0.05 

400 

13.1 

a-Fe 

(Annealed at 150 °C for 2 h) 

335 

0.02 

-0.007 

4.00 

27.3 

Fe(l) 

289 

0.01 

-0.05 

3.00 

20.6 

Fe(II) 

316 

0.17 

0.04 

3.00 

37.7 

Fe(III) 

391 

0.11 

-0.05 

3.00 

12.5 

a-Fe 

335 

0.02 

-0.007 

3.00 

29.3 

(Annealed at 150 °C for 20 ) 







a"+a' to a+y'. The temperatures of this phase decompo¬ 
sition for the present films were good agreement with that of 
the a"-Fe 16 N 2 precipitates in bulk powder reported by 
Jack. 10 The temperature dependence of cr s observed in 
present experiments is found to be quite different from that 
of Gao and Komuro. 15,16 

C. Mossbauer spectrum 

Figure 8 shows the change of Mossbauer spectra of the 
Fe 16 N 2 film with stoichiometric N content by annealing. The 
spectrum in each film can be fitted into four hyperfine field 
interactions Hi of a phase, Fe(I), Fe(II), and Fe(III) of the 
(a"+a')-Fei 6 N 2 phase. The fitted Mossbauer parameters are 
listed in Table II. As seen in the table, the large value of Hi, 
about 390 kOe, due to the Fe(III) site in nitrogen-martensite 
was detected in each film. Half widths of the peaks become 
narrower with increasing annealing time. This result corre¬ 
sponds to the promotion of N site ordering in nitrogen- 
martensite caused by annealing, and is in good agreement 
with the change of R, and also the result of ion-implanted 
films reported by Nakajima. 14 

For the films examined presently, the average value of 
Hi was about 325 kOe, which was nearly equal to that of Hi 
of a-Fe. Therefore the value of <7 S in (a"+a')-Fe 16 N 2 film 
of about 232 emu/g determined by VSM was consistent with 
the result of Mossbauer spectrum analysis. Based on the fit¬ 
ted Mossbauer parameters, the volume fraction of a-Fe was 
estimated to be 27% and 73% for the (a"+a')-Fei 6 N 2 phase 
in annealed films. Using these values, the value of cr s in the 
(a"+a')-Fe 16 N 2 phase, <r Fei6 N 2 , is estimated by the follow¬ 
ing equation: 

232 exp = c7 Fei6 N 2 X 0.73 +cr a . Fe X 0.27, 

where cr a . Fe is 218 emu/g. The obtained value of is 

237 emu/g. Considering this calculated result and the result 
of the dependence of <r s on Rj , the value of saturation mag- 
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netization of the a " phase (perfect ordered state) should be 
no more than 240 emu/g, while the site population of the 
(a"+a')-Fei 6 N 2 phase determined in this study was about 
4:9:3, which is slightly different from the ideal ratio of 4:8:4 
determined uniquely from the structure of a"-Fe 16 N 2 . 

IV. SUMMARY 

(1) (a"+a'')-Fe 16 N 2 films were synthesized on MgO 
single-crystal substrates by the reactive sputtering method. 
The result of the structural analysis using XRD and CEM 
revealed that the same structure as bulk <ar"-Fe 16 N 2 is real¬ 
ized in the present films. 

(2) The intrinsic value of saturation magnetization of the 
a " phase (perfect ordered state) is proposed to be no more 
than 240 emu/g (—2.4 /x B per Fe atom in average) at 300 K. 
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Enhanced Fe moment in nitrogen martensite and Fe 16 N 2 (invited) 

W. E. Wallace and M. Q. Huang 

Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, 

Pennsylvania 15213 

Nitrogen martensite was prepared by treating fine Fe powder with NH 3 /H 2 gas mixtures at 
temperatures around 665 °C. Upon quenching to a temperature T q , the y phase which had formed 
at the elevated temperature undergoes a martensitic transformation to form nitrogen martinsite ( a' 
Fe-N alloy), a tetragonal material. Heat treating this material for 1-2 h at 140±10 °C produced the 
ol' phase Fe 16 N 2 . The a' phase occurred along with y Fe-N. From x-ray line intensities, the amount 
of d phase was ascertained. The a' phase exhibits a room-temperature moment of 250±10 emu/g. 
Fe 16 N 2 is formed along with a Fe and also there is retained N-austenite. Using XRD and 
conventional magnetic measurement procedures, one obtained 280±10 emu/g for the saturation 
moment of Fe 16 N 2 . The experimental Fe moment, 2.88 /jl b , is in excellent agreement with the most 
recent band-structure calculations, 2.85 /x B . The ternary systems (Fe,M) 16 N 2 were studied with 
M=Mn or Ni. y Fe-Mn nitride readily forms, but it does not undergo the y-*a' transformation. The 
a' phase and possibly the a" phase form in the Fe-Ni nitride. 


I. INTRODUCTION 

Iron nitrides have been known for many years , 1 Nitrogen 
cannot be introduced into Fe by treating it with nitrogen at 
normal pressures (i.e., 1-100 atm). However, iron can be 
nitrogenated to form the y FeN phase by treating it with a 
mixture of 90 mol % H 2 and 10 mol % NH 3 at temperatures 
ranging from about 900 to 975 K. At these temperatures NH 3 
is unstable with respect to its constituent elements by —47 
kJ. With a suitable catalyst, NH 3 will decompose and gener¬ 
ate N 2 at pressures in the thousands of atmospheres at tem¬ 
peratures between 900 and 1000 K. For example, at 665 °C 
(938 K), the equilibrium pressure of N 2 is -2400 atm. It is 
well known that Fe and its alloys are effective synthetic NH 3 
catalysts and hence under the experimental conditions cited, 
N 2 is generated at high pressures, sufficiently high to force N 
atoms into the Fe lattice. This was shown many years ago in 
a study by Lehrer . 2 

Nitrogenation of Fe leads to a variety of phases: a, y, y, 
e, £, a', a". Fe-N is the terminal solid solution based on a Fe 
and it is a simple bcc. The y phase, often called nitrogen 
austenite, is cubic. The Fe atoms in the y phase are in a fee 
arrangement with N partially and randomly occupying the 
octahedral interstices . 3 a' and cl' are phases derived from the 
y phase by a martensitic transformation. Both ol and cl' are 
tetragonal materials 4 with cl a —1.1. The e phase is one in 
which the Fe atoms are in a eph arrangement . 5 The £ phase is 
orthorhombic . 5 Very recently, Suzuki et al. 6 have reported 
the formation of FeN by reactive sputtering and have stated 
that it exists in the zinc-blende structure. Of the eight known 
Fe-N phases, the present paper is concerned primarily with 
only the y, a', and ol' phases for reasons brought out below. 

Introduction of nitrogen into the Fe lattice produces 
striking changes in the magnetism of phases in which Fe is 
magnetic. For example, the Curie temperature, shown in Fig. 
1, in the t phase varies from 300 to -250 °C as the concen¬ 
tration is varied, passing though a maximum at the compo¬ 
sition Fe 78 N 22 . Another startling feature is the difference in 
magnetic properties of the y and y phases. The former is 
nonmagnetic, whereas the latter is strongly magnetic with 


<x ifl( =186 emu/g and T c ~761 K. In each case the N atoms 
partially occupy the octahedral interstices in the Fe lattice. 
The principal structural difference between the y and y 
phases is that the nitrogens are disordered in y FeN but are 
ordered in / FeN (i.e., Fe 4 N). How ordering of the (non¬ 
magnetic) nitrogens can generate strong ferromagnetism in 
this material is not immediately evident. It undoubtedly 
originates with an altered band structure brought on by or¬ 
dering of the nitrogens. Japanese workers have shown 7,8 that 
nitrogenation of Fe to form the Fe 16 N 2 phase leads to a sig¬ 
nificant rise in magnetization. This has greatly intensified 
interest in the magnetism of Fe-N alloys. 

In previous publications from this laboratory 9,10 it has 
been shown that nitrogen austenite can be formed by the 
method of Lehrer 2 and Jack , 3 " 5 i.e., by treating Fe powder 
with an NH/^ gas mixture at temperatures around 950 K. 
In the classic work of Jack, it was shown that upon quench- 


Wtignt Percent Nitrogen 



FIG. 1. T c vs composition in e Fc-N alloys, taken from H. A Wiiedt, N. A. 
Gokcen, and R. H. Nofzmger, Bull Alloy Phase Diagrams 8, 355 (1987), 
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FIG. 2 X-ray-diffraction pattern of the Fe-N alloy containing 10.7 at. % 
nitrogen which has been quenched to room temperature. The pattern is char¬ 
acteristic of a single-phase fee material. This indicates that by this treatment 
a single-phase alloy is produced. No ex' Fe-N alloy is produced by this 
procedure. 

ing, y FeN undergoes a transition into the nitrogen analog of 
martensite (the a 1 phase). Jack also found that with heat 
treatment at temperatures ranging from 150 to 200 °C the a 1 
phase transforms into the cl' phase, an alloy with the com¬ 
position Fe 16 N 2 . 

In previous work in this laboratory, 910 results were ob¬ 
tained that were similar but not identical to those obtained by 
Jack. The principal difference lay in the quenching proce¬ 
dures necessary to effect the y—>«' transformation. In the 
work of Jack, quenching to room temperature was all that 
was needed to bring about the martensitic transformation, 
whereas the experience in this laboratory is that cryogenic 
temperatures are required, particularly for high N concentra¬ 
tions. 

This dependence of conversion efficiency on quenching 
temperature and the necessity to quench to cryogenic tem¬ 
peratures was also observed by Bao et al. n 

In the present work, the a' and cl' phases have been 
synthesized and studied magnetically. Results obtained for 
these alloys are reported herein, as well as those for ternary 
alloys in which 10-15 wt % of the Fe has been replaced by 
M, where M-Cx, Mn, Co, Ni, Cu, Ti, or Al. 

II. FORMATION AND CHARACTERIZATION OF THE a' 
AND cl' Fe-N PHASES 

A. Experimental details and results obtained for a' 
Fe-N alloys 

A mixture of NH 3 and H 2 in the ratio H 2 /NH 3 ~9 was 
flowed over 6-9 /xm Fe powder at a temperature of 660- 
670 °C. The samples were then quenched to temperatures 
ranging from room temperature to liquid-helium tempera¬ 
ture. The Cu radiation diffraction pattern for the sample con¬ 
taining 10.7 at. % N 12 is shown in Fig. 2. The material con¬ 
sists entirely of y phase within the detection limit of this 
technique, perhaps 3%-5%. Upon cooling to liquid-nitrogen 
or liquid-helium temperatures, transformation of a substan¬ 
tial fraction of the material into the a' form occurs. Ex¬ 
amples of the extent of the transformations and the condi¬ 


TABLE 1. a' phase formation by quenching y Fe-N and moment for a’ 
Fe-N. 


Composition of alloy 

T q (K)» 

wt % a' phase 

Moment of a' Fe-N 
(emu/g) 

at. % N 

6.4 

RT* 

87 

240 

8.1 

RT 

72 

246 


LN 

82 


10.7 

RT 

0 



LN* 1 

51 

260 


LHe b 

56 



J T,=quench temperature. 

b RT=room temperature ~20 °C; LN and LHe represent liquid N 2 and liquid 
He, respectively. 


tions needed are given in Table I. The magnetization versus 
temperature behavior (see Fig. 3) is used to follow the y—><*' 
transformation. The rise in magnetization upon cooling be¬ 
low 150 K is occasioned by the transformation of nonmag¬ 
netic y Fe-N into the strongly magnetic a' phase. 

The data of Table I indicate that the y—>a' transforma¬ 
tion occurs at higher temperatures when the nitrogen concen¬ 
tration is low. The XRD pattern for the alloy containing 10.7 
atoms of N per 100 atoms of Fe is shown in Fig. 4; this is for 
the sample (see Table I) which had been quenched to liquid- 
helium temperature. This alloy is a two-phase mixture con¬ 
sisting of the retained austenite phase (y phase) and the mar¬ 
tensitic (a' phase). The phase composition can be estimated 
from the observed line intensities of the two strongest peaks. 
There is a complication in that the y (111) and a' (101) lines 
overlap at 20—43°. The contribution of the a' (101) line to 
this line can be evaluated by conventional x-ray-diffraction 
theory. Using the methodology and nomenclature employed 
by Cullity, 13 /„' (n o)//„'(ioi)=^a'(no/6a'(ioi). where / a - (1I0 ) 
and /„'( 10 i) are the intensities of the (110) and (101) lines of 
the a' phase and the B ’s are the quantities used by Cullity. 



M - T of samples from y to a’ (H=0.S kOe) 

( — coolinf, —— buune ) 


FIG 3. Two representative magnetization-temperature plots showing the 
rise in magnetization at low temperatures. The rise is due to the y-*a' 
transformation, viz., the conversion of the nonmagnetic y phase into the 
strongly ferromagnetic a' phase. The solid and dashed lines are for cooling 
and heating, respectively. 


J. Appl. Fhys., Vol. 76, No. 10,15 November 1994 


W. E. Wallace and M. Q. Huang 6649 







FIG. 4. X-ray-diffraction nattem for the y alloy in Fig. 2 after cooling to 
liquid-He temperatur. lines appear which are characteristic of the a' 
Fe-N phase. Thus this alloy is a mixture of the y and a 1 phases. 

The B's involve the structure factor (F hkl ), multiplicity, and 
the Lorentz polarization. Using the expression and the mea¬ 
sured value of 7 a <(no), one can calculate / a ' (101 ). Knowing 
this, one can readily evaluate /^ ni) , the contribution of the y 
phase to the intensity of the peak at 20-43°. Once this is 
known, one can evaluate the volume fraction V of the a 1 
phase in the mixture from the expression: 

Ar'(101)/7y(lU) = W?a'(10l)/(l~y)/? r (ni). 

One can also make this calculation using other lines, y(200), 
<*'(211), etc. 

The volume fractions calculated by this procedure can be 
combined with the known densities to find the wt % of the 
phases present in y, a two-phase alloy. Up to 87% of the y 
phase has been transformed (see Table I). 

Results for several samples and involving different 
quenching conditions are shown in Table I. The moment cal¬ 
culated lor a Fe-N is 250±10 emu/g. 

B. Experimental details and results obtained for ol' 
Fe-N alloys 

The procedure to form ol' Fe-N is as follows: (1) ol is 
first formed by the procedure described above. (2) It is then 
heat treated at 140±10°C (i.e., tempered) for 1-2 h, at 
which temperature the N atoms become sufficiently mobile 
to redistribute > ?r the interstitial sites and convert the 
N-martensite into Fe 16 N 2 . 

A number of samples containing the a' phase were heat 
i treated in this fashion to form the a" phase. Typical and 

characteristic XRD lines, (213) and (004) of the a" phase, 
were observed after the tempering treatment (Fig. 5). This 
sample contained 10.0 at. % N. The original alloy was Fe 
rich compared to Fe j6 N 2 ; hence, as the ol' phase formed, a 
Fe precipitates out. Thus there are four indications of the 
a'-*a" conversion: (1) the appearance of lines characteris¬ 
tics of a Fe in the XRD pattern (see Ref. 9), (2) the devel¬ 
opment of the (213) line for the ol' phase, (3) shifts of other 
diffraction lines 9 —(202), (220), (400), (224), and (422)— 
with respect to the positions of the lines in the original mar¬ 
tensite phase, and (4) the rise in moment during tempering. 




28 


FIG. 5. Segments of the XRD patterns for a’ and ol' phases. Lines are 
shifted and a new peak (213) appears. These changes and the rise in mag¬ 
netism are indicative of the transformation. 

The lattice constants a and c are very close to those 
reported by Jack, a = 5.718 A and c =6.290 A. The mag¬ 
netic moment of the three-phase mixture increases from 182 
to 189 emu/g as the a' phase transforms to <*". To evaluate 
the ol' moment, it is necessary to know the phase composi¬ 
tion of the alloy. This information is obtained by the proce¬ 
dure described in detail in Ref. 9. A representative sample 
was estimated to contain 56% ol', 13% a Fe, and 31% y. The 
estimated moment is ~285 emu/g for ol'. The enhanced Fe 
moment of ol' Fe-N was observed in many samples. Results 
are summarized in Table II. It seems well established that Fe 
in Fe ]6 N 2 has an enhanced moment 30% larger than that for 
a Fe. 


TABLE II. Phases in lempered a' Fe-N and the moment of Fe 16 N 2 . Two 
independent samples were studied for the 9.4 and 10.7 samples and three 
independent samples were studied for the 10.0 sample. 


Composition of y phase 
(at. % N) 

wt % of phases 

Fc 16 N 2 magnetic moment 
(emu/g) 

r 

a 

cl' 

8.1 

16 

35 

49 

272 

9.4 

25 

23 

52 

280 


25 

27 

48 

283 

10.0 

30 

11 

59 

283 


31 

13 

56 

286 


35 

13 

52 

283 

10.7 

45 

7 

48 

283 


53 

8 

39 

286 
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FIG. 6. XRD pattern of the nitride of Fe-Mn (15 wt %). Impuiity peaks are 
noted at 20=34.5°, 40.5°, and 58.5°, which are identified as originating with 
Mn nitride. 

III. MAGNETISM OF (Fe,M) 16 N 2 WITH M=Mn OR Ni 

Experiments have been carried out to prepare and char¬ 
acterize (Fe,A/) 16 N 2 in which M-Cx, Mn, Co, Ni, Cu, Ti, or 
Al. Because of space limitations, only results for the system 
in which A/=Mn or Ni will be presented. 

A. Experimental details 

Fe-A/ (15 wt%) with A/=Mn or Ni was prepared by 
mechanical alloying using a high-energy SPEX 800 ball mill. 
The milled powders were heat treated for 20 min at tempera¬ 
tures of 300-800 °C. The original powders were 100-300 
mesh. The procedures for nitriding and magnetically charac¬ 
terizing the samples were as those used for Fe powder, ex¬ 
cept that higher temperatures for nitriding were employed. 
The nitrogen contents were estimated from the measured lat¬ 
tice parameters of the nitride. 9 

B. Results for Fe-Mn nitrides 

Fe-Mn (15 wt %) was nitrided at 700-720 °C and then 
quenched to room temperature. Figure 6 shows the XRD 
pattern of one of the Fe-Mn nitrides. Analysis of the pattern 
shows the majority phase to be fee. Three small impurity 



FIG. 8. TMA of the sample in Fig. 7. Irreversible transformation of y—>a' 
begins at about 275 K. 

peaks at 20~34.5°, 40.5°, and 58.5° originate from Mn ni¬ 
tride, as was confirmed by making the Mn nitride and study¬ 
ing it by XRD. The magnetic moment of this sample was 
~13 emu/g. There was no evidence of the a' or a" phase. 
According to Bozorth, 14 Fe-Mn alloys in the y region are 
nonmagnetic. Therefore we conclude the moment of this 
sample is due to a very small amount of the bee Fe-Mn 
impurity phase. 

The Fe-Mn (15 wt %) nitride was cooled to 10 K in an 
effort to induce the y->a' transformation. This effort was 
unsuccessful, as evidenced by the facts that (1) the XRD 
pattern was unchanged and (2) the moment was unaffected; 
there was no effect comparable to that in Fig. 3. This obser¬ 
vation is not in conflict with the findings of Jack. 3 

C. Results for the Fe-N! nitride 
1. Formation of the a' phase 

The situation here is more interesting than that for 
Fe-Mn nitrides. Figure 7 shows the diffraction pattern for 
Fe-Ni (15 wt %) nitride. This is a nitrogen austenite with 
0 = 3.601 A. This material was obtained by nitriding the 
alloy powder (made by mechanical alloying) at 710-720 °C 




FIG. 7. XRD pattern of the nitride of Fe 085 Ni 015 , showing it to be an 

austenite. FIG. 9. XRD pattern of Fc 0 85 Ni 015 nitride. 
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FIG. 10. Enlarged regions of the XRD pattern for the sample in Fig. 9. 

and quenching to room temperature. This sample exhibited a 
moment of 48 emu/g. This moment is ascribed to the pres¬ 
ence of a small amount of a' phase in the sample. Upon 
cooling to 10 K, the magnetism of the sample increases strik¬ 
ingly and irreversibly at temperatures 275-200 K (see Fig. 
8 ). It appears that upon cooling to low temperatures the 
y-*a' phase transformation is taking place. The measured 
moment rises to 186 emu/g. XRD (Figs. 9 and 10) confirms 
the formation of the d phase. Its axial ratio is lower than 
that of Fe g N. For a', c=2.952 A, a =2.855 A, and 
c/a -1.03. 

2. Possible formation of the d! phase 

Low-temperature heat treatment produced a further rise 
in moment. Heat treating 1 h at 120 and 150 °C gave mo¬ 
ments of 193 and 197 emu/g, respectively. This provides 
suggestive evidence that under these conditions a' is being 
transformed into a". However, this postulate was not con¬ 
firmed by diffraction measurements. The characteristic cl' 
(213) line was not detected. 

IV. CONCLUDING REMARKS 

The magnetism of Fe-N alloys present many interesting 
features. The divergent magnetic behavior of the y and y 
phases was referred to above, y is nonmagnetic, where y is 
strongly ferromagnetic and yet, these alloys are structurally 
very similar, differing only in the way the (nonmagnetic) 
nitrogens are arranged in the interstitial sites. The fact that 
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systems dilute in nitrogen undergo the martensitic transfor¬ 
mation at higher temperatures is counterintuitive. A possible 
explanation for this surprising behavior is related to the ex¬ 
istence of Fe 4 N, the y phase, which is quite stable. As the 
nitrogen content increases, the y phase becomes more like 
the •/ phase and becomes more stable. It is more resistant to 
the martensitic transformation, requiring lower temperature 
to bring on the y—>«' transformation. 

At present, information is lacking as to T c and the an¬ 
isotropy of the d and d' phases. In regard to T c , as tem¬ 
perature is increased d and a" transform into a Fe and y', 
making evaluation of T c difficult, if not impossible. The 
presence of large amounts of or Fe in the d' preparation ob¬ 
scures the true anisotropic features of Fe 16 N 2 . Efforts are 
under way to prepare a" Fe-N which is freer of y and a Fe. 

One disconcerting feature of the studies of Fe ] 6 N 2 has 
been that band-structure calculations have failed to indicate 
an enhanced Fe moment. See, for example, the results ob¬ 
tained by Sakuma . 15 however, a very recent treatment by Lai 
era /., 16 including electron correlation effects, gives an Fe 
moment of 2.85 /t B for Fe 16 N 2 . This is in excellent agree¬ 
ment with experiment as obtained in the present study, viz. 

2.88 fig . 

Strong evidence emerges from this study that Fe in 
Fe 16 N 2 has a 30% enhanced moment compared to a Fe. 
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Enhancement of the formation of Fe 16 N 2 on Fe films by Co additions 
(invited) 

Yoshiharu Inoue, Shigeto Takebayashi, and Toshio Mukai 

Advanced Materials and Technology Research Laboratories, Nippon Steel Corporation, 1618 Ida, Nakahara- 
ku, Kawasaki 211, Japan 

Effects of Co additions on the formation of Fe 16 N 2 have been investigated by observing nitrides 
formed on thin-film surfaces. Thin films of Fe-Co alloys with a (100) surface sputter-deposited on 
MgO(lOO) substrates are exposed to a mixed gas of NH 3 and H 2 . The 16:2 nitride was observed to 
form on a surface of Fe-10 at. % Co film at a nitriding temperature of 500 °C. The formation 
temperature is 50 °C higher than for pure iron. The amount of the formed 16:2 nitride has been 
found to be 3 X larger for Fe-10 at. % Co than for pure iron. 


I. INTRODUCTION 

There has seen much attention to Fe 16 N 2 since reconfir¬ 
mation of its giant magnetization (2.9 T) by Koriuro et al., x 
which was stimulated by Kim and Takahashi’s pioneering 
work. 2 Fe 16 N 2 (16:2 nitride) is a metastable compound as 
discovered by Jack. 3 The crystal structure L body-centered 
tetragonal (bet) consisting of eight bcc cells distorted by in¬ 
terstitial N atoms. There are number of studies on the struc¬ 
ture of nitrided ion-based alloys such as Fe-Ti, Fe-Mo, and 
Fe-Ni. 4 However, the enhancement of formation of the 16:2- 
type nitride by the third element additions has not been re¬ 
ported so far. 

The purpose of the present paper is to show the first 
experimental evidence that Co enhances the 16:2 nitride for¬ 
mation. The following two points are considered to choose 
Co as the third element. The first point is that Fe mainta.us a 
bcc structure even after alloying with the third element; this 
is essential because Fe 16 N 2 has an analogous bet structure. 3 
The second point is that the third element does not undergo 
preferential nitridation; its chemical affinity for N is weaker 
oi comparable to that of Fe. Co meets the above two require¬ 
ments. 

A surface-nitriding method is used for this investigation. 
The formation of iron nitrides on bulk iron surfaces on NH 3 
gas-nitriding was studied by Inokuchi et al. 5 They reported 
that needle-shaped Fe 16 N 2 precipitates form on the (100) sur¬ 
face. The prerent paper demonstrates that the Co-contained 
16:2 nitride is granular and its amount is larger than the pure 
iron case. 

I. EXPERIMENT 

Fe-Co alloy films with a (100) surface were prepared as 
follows. First, Fe was deposited onto a MgO(lOO) single- 
crysta 1 uustrate and successively Co was deposited onto the 
Fe layer Sputtering was performed with an Ar gas using an 
ECR made for Fe and a usual magnetron for Co. The total 
film thickness is 500 nm. The composition of Co was 
changed up to 30 at. % by changing the film thickness of Co. 
Alloying was performed by annealing at 750 °C for 120 min 
in a Sowing H 2 gas. X-ray diffraction showed that the (100) 
orientation of the film is maintained after annealing. 

The films were exposed to a mixed gas of 75% NH 3 and 
25% H 2 . The nitriding temperature was ranged from 450 to 


550 °C. Annealing and nitriding were performed sequentially 
in an infrared furnace. The heat pattern is shown in Fig. 1, 
The structure of the nitride was determined by x-ray diffrac¬ 
tion using CuKa radiation. The morphology of the nitrides 
was observed through an optical microscope and a scanning 
electron microscope. Detailed analyses were performed by 
transmission electron microscopy (TEM) using a Hitachi 200 
kV electron microscope with EDS (energy dispersion spec¬ 
troscopy). TEM foils were prepared by ion milling. The 
samples were milled from the substrate side in order to re¬ 
veal the surface structure, 

III. RESULTS AND DISCUSSION 

Figure 2 shows the x-ray-diffraction patterns for pure 
iron and Fe-10 at. % Co nitrided at 450-550 °C for 30 min. 
For pure iron, the Fei 6 N 2 peaks were observed at a nitriding 
temperature of 450 °C, as shown in Fig. 2(a). At a nitriding 
temperature of 500 °C, the Fe 4 N peak appeared instead of 
the Fe 16 N 2 peak, as shown in Fig. 2(b). In the case of a 
nitriding temperature of 550 °C, the intensity of the Fe peak 
drastically decreased and the intensity of the Fe 4 N peak in¬ 
creased as compared to the case of 500 °C, as shown in Fig. 
2(c). This result indicates that the pure iron film is almost 
converted to a Fe 4 N film. 


Fe-Co 


I MgCilOO)! 



homogemzauon nitnding 

FIG. 1. Heat pattern tor alloying and nitriding. 
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FIG. 2. X-ray-diffraction patterns for pure iron and Fe-10 at. % Co nitrided. 
The nitriding temperatures are (a) 450, (b) 500, and (c) 550 °C for pure iron 
and (d) 450, (e) 500, and (f) 550 °C for Fe-10 at. % Co. The nitriding time 
is 30 min. The mark (*) indicates the peaks from the MgO substrate. 




FIG. 4. Bright field image of a granular precipitate on a Fe-10 at. % Co film 
nitrided at 500 °C for 30 min and the corresponding electron-diffraction 
pattern. The indices of the 16:2 nitride are also shown in the diffraction 
pattern. 


For Fe-10 at. % Co, no nitride peaks were observed at a 
nitriding temperature of 450 °C as shown in Fig. 2(d). At a 
nitriding temperature of 500 °C, a strong 004 peak of the 
16:2 nitride was observed. The 002 peak of the 16:2 nitride, 
which is an order reflection peak of the 16:2 nitride, was 
apparently observed [see Fig. 2(e)]. At a nitriding tempera¬ 
ture of 550 °C, the 16:2 nitride peaks disappeared, as shown 
in Fig. 2(f). The intensity of the 4:1 nitride 200 peak is very 
weak as compared to that of the pure iron, indicating that the 
formation of the 4:1 nitride is suppressed by Co additions. 

The nitridation behavior for the 16:2 nitride is different 
in the following two points. The formation temperature of 
the 16:2 nitride is 50 °C higher for Fe-10 at. % Co than for 
pure iron. The amount of the formed 16:2 nitride, which was 
calculated from the x-ray peak intensities, is 3X larger for 
Fe-10 at. % Co than for pure iron. 

Figures 3(a) and 3(b) show the scanning electron micro¬ 
scope images of the 16:2 nitride which formed on a pure iron 
film nitrided at 450 °C and a Fe-10 at. % Co film nitrided at 
500 °C, respectively. For the pure iron case, the morphology 
of the nitride is needle shaped. For the Fe-10 at. % Co case, 
granular precipitates were observed. From the x-ray- 
diffraction pattern in Fig. 2(e), the granular precipitate is 
assumed to be the 16:2 nitride. 



FIG 3. Scanning electron microscope images of the 16:2 nitride formed on 

(a) a pure iron film nitrided at 450 °C for 30 min and (b) a Fe-10 at. % Co FIG. 5. EDS spectrum taken from a granular precipitate of the 16:2 nitride 
film nitrided at 500 °C for 30 min. formed r a Fe-10 at. % Co film (the same precipitate as shown in Fig. 4). 


i 
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FIG. 6. X-ray-diffraction patterns of Fe-Co films with various Co contents 
nitrided at 500 °C for 30 min. The film compositions are (a) pure iron, (b) 
Fe-5 at. % Co, (c) Fe-10 at. % Co, and (d) Fe-20 at. % Co. The mark (*) 
indicates the peaks from the MgO substrate. 


TEM observations were performed for the granular pre¬ 
cipitate formed on Fe-10 at. % Co film. Figure 4 shows a 
bright field image of the granular precipitate and the corre¬ 
sponding electron-diffraction pattern. As shown in the dif¬ 
fraction pattern, we can observe weak spots at the midpoints 
between 000 and 400 spots. These spots are indexed by the 
200 order reflections of the 16:2 nitride. Figure 5 shows an 
EDS analysis spectrum taken from the granular precipitate. 
The Co content of the precipitate was determined to be al¬ 
most the same as that of the matrix bcc phase. From these 
results, the granular precipitate is determined to be a Co¬ 
contained 16:2 nitride, which can be denoted by 
(Fe,Co) 16 N 2 . 

Figure 6 shows the x-ray-diffraction patterns for Fe-Co 
films with various Co contents nitrided at 500 °C for 30 min. 
For pure iron, only the Fe 4 N peak was observed. As the Co 
content increases, the intensity of the 4:1 nitride peak de¬ 
creases. At Fe-10 at. % Co, the 4:1 nitride peak disappeared 
and instead a strong 16:2 nitride peak appeared. Further in¬ 


crease in the Co content results in no nitride peaks, indicat¬ 
ing harder nitridation for higher Co contents. 

The stability of the Co-contained 16:2 nitride is dis¬ 
cussed as follows. Due to a 10 at. % Co substitution, the 
lattice parameter of the bcc Fe-Co phase increases by 0.16% 
relative to that of the bcc pure Fe. 6 Assuming that the atomic 
volume of Co is the same as that of Fe, we presume that the 
interstitial sites are wider in the Fe-Co lattice than in the Fe 
lattice. This idea is supported by the fact that the solubility of 
nitrogen is increased by Co additions. 7 The 16:2 nitride is 
considered to be a nitrogen-ordered form of the tetragonal 
Fe-N solid solution, which is derived without changing the 
basic arrangement of Fe atoms in the bcc structure. There¬ 
fore, it can be speculated that the Co-contained 16:2 nitride 
also forms with less strain energy, leading to a higher stabil¬ 
ity. The observed enhancement of formation of the 16:2 ni¬ 
tride by Co additions can be related to the improvement of 
the stability of the 16:2 structure. Suppression of the 4:1 
nitride formation by Co additions, as described in Fig. 2, 
may also benefit the 16:2 nitride formation. 

IV. SUMMARY 

We have newly found that Co additions enhance the for¬ 
mation of the 16:2 nitride. Granular 16:2 nitrides were con¬ 
firmed to form on a (100) surface of Fe-10 at. % Co alloy. 
The formation temperature is 500 °C, which is 50 °C higher 
than that for pure iron. The amount of the 16:2 nitride is 3X 
larger than for pure iron. It is suggested that Co stabilizes the 
16:2 structure. 
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The low temperature magnetic properties of arrays of scanning tunneling microscope (STM) 
fabricated ferromagnetic particles have been studied as a function of their dimension using a novel 
high sensitivity Hall magnetometer. Iron deposits with controlled shape and nanometer scale 
diameters (—25 nm) are formed using a STM to decompose a metalorganic precursor [Fe(CO) s ] in 
the active area of the measurement device. The hysteresis loops change significantly in going from 
nearly isotropic to oriented high aspect ratio (6:1 length to diameter) filamentary particles. In 
particles of intermediate aspect ratio and diameter the largest coercive field of 2.7 kOe is observed. 

This b- r as well as the characteristics of the Hall magnetometer (spin sensitivity of 10” 14 emu/ 

Hz 1/2 ). ribed. 


I. INTRODUCTION 

The physical properties of ferromagnetic particles con¬ 
tinue to be an active area of fundamental experimental and 
theoretical research. Advances in lithographic and measure¬ 
ment techniques are now permitting some of the basic tenets 
in the field of small particle classical magnetism to be criti¬ 
cally tested. For example, measurements of a single acicular 
y-Fe 2 0 3 particle 1 and electron beam fabricated rectangular 
permalloy particles 2 are not consistent with the Neel- 
Brown 3 theory of thermally assisted magnetization reversal 
over a simple potential barrier. Usually this theory is the 
starting point in the analysis of more complex particulate 
media which have a distribution of sizes, shapes, and inter¬ 
actions. Magnetization reversal in elongated particles has 
also recently been re-examined theoretically. In idealized 
filaments Braun 4 finds that spatially localized magnetization 
fluctuations increase the switching rates and hence reduce the 
measured coercivities at finite temperature relative to the 
Neel-Brown theory. Real samples, of course, contain de¬ 
fects, ends, and surfaces that are not considered in this work 
but which are expected to play an important, if not dominant, 
role in the physics of magnetization reversal. Of fundamental 
interest is the mechanism of reversal in real particles— 
whether it is a classical coherent (Neel-Brown, Braun) or 
incoherent mode or, alternatively, heterogeneous nucleation 


•’Present address: Department of Physics, New York University, 4 Washing¬ 
ton Place, New Yoik, NY 10003. 


and growth. 5 We have set out to study smaller noninteracting 
particles in which the competing effects can be highlighted 
by systematically varying the particle dimensions. 

It is the purpose of this article to show how this is ac¬ 
complished in scanning tunneling microscope (STM) nano- 
lithographically produced small particle systems. STM and 
chemical vapor deposition techniques have been used to fab¬ 
ricate nanometer scale diameter (—25 nm) iron particles with 
a range of shapes from nearly isotropic to filamentary. De¬ 
posits are fabricated directly in the active area of a newly 
developed high sensitivity Hall magnetometer. With this de¬ 
vice hysteresis loops of dilute particle arrays comprising 
100-600 particles (<10' u emu) have been measured at low 
temperature. Moreover, the magnetic characteristics have 
been studied for a variety of particles sizes and shapes. In 
particles of intermediate aspect ratio (2.2:1 height:diameter) 
and diameter the largest coercive force is observed. This ob¬ 
servation is not consistent with the well-known classical co¬ 
herent or incoherent modes of reversal. 3 6 Further, from the 
hysteresis loops and array geometry we estimate the particle 
magnetization and interparticle interaction strength. 

We begin with a brief review of the materials fabrication 
technique and characterization. 7 This is followed by a discus¬ 
sion of the magnetic measurements and analysis on particles 
of systematically varied geometry. 

II. FABRICATION 

Iron particles are formed by using a STM to decompose 
iron pentacarbonyl [Fe(CO) 5 ] which is metered into the mi- 
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FIG. 1. Scanning electron micrographs (at a 45° tilt) show the particle and 
array geometry of a subset of samples we have fabricated and measured: (A) 
diameter 42±7 nm, height/diameter (da) 1.3±0.3, (B) diam. 29±2 nm, 
c/a 2.2±0.3, (C) diam. 17±1 nm, da 5.8±0.5. 

croscope’s ultrahigh vacuum chamber (P=2XlO~ 10 T). To 
initiate the growth the substrate-tip bias is raised to 15 V and 
a current of 50 pA maintained in the presence of 30 /xTorr of 
Fe(CO) 5 . The STM feedback loop is active and maintains a 
constant current and thus constant height between the tip and 
growing deposit. When the deposit has reached the desired 
height above the surface the tip is retracted to stop the 
growth. The tip is moved to another location and the process 
repeated to form arrays. 

Characterization by both Auger electron spectroscopy 
(AES) and transmission electron microscopy (TEM) indicate 
that relatively pure iron deposits are formed under these con¬ 
ditions. TEM shows that these consist of a polycrystalline 
bcc iron interior surrounded by a contamination coating in 
which the grain size is approximately the inner core diam¬ 
eter. AES reveals greater than 70 at. % Fe with a carbon 
remainder. The fact that the bcc phase is formed is evidence 
for greater purity of the deposits in their interior since the 
equilibrium phase of the Fe-C system above 0.4% carbon is 
fee. 8 

The scanning electron micrographs in Figs. 1(A) and 
1(C) show the extremes in dimensions we have fabricated 
and studied. The particle geometry, with the long axis per¬ 
pendicular to the substrate surface, is highlighted in the ob¬ 
lique view presented in the micrograph. Note that from Figs. 
1(A) and 1(C) the particle diameters progressively decrease 
from 42 to 17 nm while the ratios of height to diameter 
increase from 1 to 6. Although these measurements serve as 
a basis for comparing particle dimensions, contamination 
built up during observation as well as the finite resolution of 
the SEM cause systematic overestimates of the actual par¬ 
ticle size. 9 The interparticle distance is approximately 130 
nm and was chosen to minimize, as much as possible, the 
effect of interparticle interactions while building up enough 
overall moment for measurement. Magnetic measurements 
have been made on these samples as well as on some of 
intermediate dimensions. 

III. MEASUREMENTS 

Measurements were made using a novel high sensitivity 
magnetometer based on the Hall response in a semiconductor 
heterostructure. In contrast to integrated superconducting 
quantum interference device microsusceptometers, 10 this de¬ 
vice allows for systematic investigations over a wide range 
of applied fields and temperatures. A high mobility 



<v> 


FIG. 2. Schematic of the Hall magnetometer showing the device layout and 
bridge measurement circuit. The sample is deposited into one Hall cross 
while the other serves as a reference. I and I' are independent current 
sources that float with respect to one another. 


GaAs/Gao 7 Al 03 As two-dimensional hole gas sample 
[n 2D = 3x 10 u cm -2 , fi (5 K)=10 5 cm 2 /V s)] was wet chemi¬ 
cally etched into the form depicted in Fig. 2 and a thin (30 
nm) gold gate deposited over the active area of the device. 
The linewidths for the current and voltage probes ranged 
from 1 to 10 fim and the heterointerface was 100 nm below 
the surface. STM deposits were subsequently grown in the 
active area of one of the Hall crosses. The difference in Hall 
voltage between this sample cross and a closely spaced ref¬ 
erence is measured using a bridge circuit (Fig. 2). With the 
bridge properly balanced, the resulting output voltage V is 
proportional to the sample contribution to the magnetic in¬ 
duction. This contribution can then be calculated using the 
measured Hall coefficient so that A B - V/Rl where R is the 
Hall coefficient (~0.2 O/G) and / is the measurement cur¬ 
rent. Typically we use a 6.5 Hz ac current (~ 1 /xA/rms) and 
lock-in detect the difference signal V. 

In practice, a difference voltage is present even in the 
absence of a magnetic sample due to small variations in the 
Hall crosses (typically -0.1%). This imbalance results in a 
signal proportional to the applied magnetic field which is 
minimized by adjusting the ratio / to /' at high field 
(H>H C , the coercive field). 

The large Hall response (—0.2 /xV/G) in combination 
with good coupling of small samples to the device results in 
an excellent spin sensitivity.. For example, the observed field 
noise of 0.1 G!Wz m (at 0.1 Hz, 5 K) in a 2 fj. m 2 device 
implies a spin sensitivity of 10” 14 emu/Hz 1/2 . Typically, sig¬ 
nals from the STM arrays are 10 times this noise level. In 
addition, the sensor works over a large range of magnetic 
field and temperature. At low temperature, ballistic transport 
(on the scale of the magnetic arrays) reduces the responsiv- 
ity. The quantum Hall effect and the associated nonlinear 
dependence of Hall voltage on magnetic field also changes 
the response at low temperature and high fields. Both the 
decreasing hole mobility and thermally activated switching 
of defects in GaAs cause the noise to increase with tempera¬ 
ture. We have successfully used this magnetometer from 1 to 
80 K with some decrease in performance with increasing 
temperature (T>50 K). 

An array of particles of intermediate size [those in Fig. 
1(B), referred to as sample (B)] placed in the active area of 
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FIG. 3. SbM micrograph of a STM fabricated array [sample (B)] placed in 
the 10 /xmX2.5 active area of a Hall magnetometer, 

the magnetometer is shown in Fig. 3. An external field is 
applied perpendicular to the plane of the device and hence 
parallel to the long axis of the particles. Hysteresis loops are 
measured starting from a saturating field, ramping at a con¬ 
stant rate to the opposite field polarity and then back. Figure 
4 shows the difference in induction, which is proportional to 
the sample magnetization, plotted versus the external field. 
Measurements were made at different temperatures and ramp 
rates. Under these conditions the coercive field has only a 
slight dependence on the measurement time and temperature 



FIG. 4. Hysteresis loops for sample (B) measured from negative to positive 
saturation and back showing the difference in induction, which is propor¬ 
tional to the sample magnetization, versus external field, (a) 15 K, dHIdt 
= 250 Oe/rnin, (b) 15 K, 1 kOc/min, (c) 5 K, 1 kOe/min, and (d) the differ¬ 
ence between two reference crosses with no sample 5 K, 1 kOe/min. Plots 
are offset for clarity. 
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FIG, 5. Hysteresis loops as a function of particle dimensions. Measurements 
on sample (A) 5 K, 250 Oe/min, (B) 15 K, 1 kOe/min, and (C) 5 K, 500 
Oe/min. These variations in measurement time and temperature do not affect 
the curves on the scale presented (as seen in Fig. 4). The increased noise in 
(C) is due to the smaller dimensions of the Hall cross (2 /cm 2 ). In this case, 
the sample consists of only 100 particles with a total moment of ~2X10~ 13 
emu. 


and is approximately 2.7 kOe. The magnetization reversal 
occurs over a range ±0.4 kOe about the value. In Fig. 4(d), 
as a check, the same measurement was made using two ref¬ 
erence crosses, neither of which contained a sample. This 
shows no hysteresis and only a small deviation from a con¬ 
stant value. 

Magnetic measurements were made on arrays (A), (B), 
and (C) in Fig. 1 in order to study the dimensional depen¬ 
dence of the magnetic properties (Fig. 5). The shapes of the 
hysteiesis loops change significantly in going from the 
nearly isotropic particles of sample (A) to the filamentary 
particles in (C). Most notably, the loops are increasingly 
square with more abrupt magnetization transitions. The 
change in sample magnetization also decreases due both to 
the geometry of the samples as well as to the decreasing 
moment per particle. The coercivity initially increases in 
more anisotropic particles [(A) to (B)]. Surprisingly, this is 
followed by a decrease in the more filamentary particles of 
sample (C). Samples intermediate in dimensions to (B) and 
(C) appear to confirm this trend. 

The loop shape for sample (A) is close to that expected 
from the Stoner-Wohlfarth theory 11 for noninteracting 
uniaxial particles with randomly oriented easy axes. For in¬ 
stance, the remanence is 0.46 times the saturation magneti¬ 
zation close to the 0.5 predicted by SW. The coercivity is 640 
Oe. Within this model the anisotropy field is HJ0A8 or 1.33 
kOe. Small deviations from isotropic shape would account 
for this entire anisotropy although a crystalline contribution 
might also be present (bcc Fe 6 ~540 Oe). The demagnetiza¬ 
tion factors of a prolate ellipsoid of iron with axial ratio 1.17 
is sufficient to explain this and within the range of measured 
particle asymmetries [c/a = 1.3±0.3, Fig. 1(A)]. For the ori¬ 
ented elongated particles [samples (B1 and (C)] increasingly 



6658 J Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Kent et a/. 





TABLE I. Summary of particle properties. 


Sample 

No. of 
particles 

diam (nm) 

da 

m (emu/particle) 

H c (Oe) 

diam (nm) b 

A 

500 

42 ± 7 

1.3 ± 0.3 

1.0 X10 ~ 14 

1324“ 

21 

B 

600 

29 ± 2 

2.2 i 0 3 

5.4 X 10‘ 15 

2700 

9 

C 

100 

17 ± 1 

5.8 ± 0.5 

1.6 X 10' 15 

2050 

4 


“Anisotropy field determined from the measured coercivity and the SW model. 
b Magnetic core diameter inferred from the magnetic moment and particle shape. 


square hysteresis curves are also expected on the basis of the 
SW theory. In contrast to sample (A), these particles’ easy 
axes are not randomly oriented but expected to be aligned 
with their long axes. 

From the change in induction in going from positive to 
negative saturation the magnetic moment per particle can be 
estimated. In the dipole approximation this change in B field 
perpendicular to the heterointerface averaged over the sensor 
area is given by 


Is dT [?+(r-r,)*] 3 



( 1 ) 


where m, the magnetic moment per particle, is the quantity 
of interest; r is a vector in the plane of the surface; r, the 
position of the ith particle; S the surface of the Hall cross, 
and z the distance from the dipole’s center to the heteroin¬ 
terface. The integral over the rectangular surface S of the 
Hall cross can be performed analytically and then summed 
over particles numerically to solve for m. This calculation 
approximates the actual nonuninform field distribution irom 
the array geometry and position in the Hall bar by a spatially 
homogeneous average field in estimating the moment. For 
sample (B), we find /n=5.4Xl(T lj emu. This is a factor of 
approximately 10 smaller than an estimate based on the bulk 
moment of Fe and our observations of the particle size. As 
previously mentioned, it seems appropriate to assume that 
the magnetic volume is smaller than that found from SEM 
measurements. Taking the measured magnetization of bcc Fe 
(1700 emu/cm 3 ) gives a magnetic volume of 3x 10" 17 cm 3 or 
equivalently a magnetic core only 9 nm in diameter, com¬ 
pared to the 29 nm diam measured from Fig. 1(B). This 
interior size is consistent with TEM observations on similar 
deposits. 9 Within this analysis, the aspect ratio of the mag¬ 
netic volume would also be greater than the measured value. 
The results for the other samples are summarized in Table I. 

From the particle moment the strength of the dipolar 
interactions between particles can be estimated. For a square 
lattice of oriented dipoles with spacing a, the interparticle 
interaction field due to nearest neighbors is 4m/a 3 . For 
sample (A) this is 20 G. Substantial contributions result from 
the long range nature of the dipole interactions. Including 
oriented neighbors out to four lattice spacings (48 particles) 
results in a field of 40 G. This is still much less than the 
anisotropy field and will play a role only in the tails of the 


magnetization transition. Interactions are less important in 
samples (B) and (C) due to their smaller moment per par¬ 
ticle. 

IV. DISCUSSION 

Changes in the coercive force with dimensionality, nota¬ 
bly the decrease in high aspect ratio smaller diameter par¬ 
ticles, are not consistent with conventional coherent 10 or in¬ 
coherent modes of spin reversal. 6 For instance, the curling 
mode, which is applicable only in larger diameter particles, 
predicts an increase in coercive field with decreasing diam¬ 
eter. In both coherent reversal and fanning models the coer¬ 
cive field increases with aspect ratio. For reference, coherent 
reversal in an iron particle of axial ratio 2.2 [like sample 
(B)], would require a field of 5.7 kOe—twice the observed 
value. Fanning, which postulates decoupled grains, at least 
can account for the magnitude of the observed switching 
field. 

Recently, Braun has considered the role of nonuniform 
magnetization fluctuations in reducing the coercivity at finite 
temperature in elongated particles. 4 It is therefore worth es¬ 
timating whether this theory applies to our measurements. 
Fluctuation effects are important when the thermal energy is 
comparable to the barrier height. For uniform coherent rever¬ 
sal, at zero field, the barrier is KV, the anisotropy volume 
product. To be specific, for sample (C) this is 10 4 K. At low 
temperature this implies that such reversal cannot occur until 
the applied field is very close to the intrinsic (zero tempera¬ 
ture) coercivity. For example, at 5 K the particles switch 
when HIH C — 0.9, with our measurement times. In Braun’s 
theory, the energy is no longer proportional to the volume 
but the cross-sectional area of the particle, 8 \]JK/c A. This 
is the energy density of a domain wall times the cross- 
sectional area, .4. J is the exchange constant and c the lattice 
spacing. An estimation of this energy for sample (C) is also 
10 4 K. Thus spatially nonuniform reversal requires the same 
amount of thermal energy as the uniform case due both to the 
large exchange and anisotropy energies. Only in far more 
filamentary particles does the nonuniform mode dominate. 
These estimations suggest that fluctuations cannot account 
for the observed reduction in coercivity. 

As an alternative to the above models, the particle ends, 
surfaces, and defects might play an important role in deter¬ 
mining the magnetic properties. For example, large demag¬ 
netization fields such as occur at the particle ends would 
favor a heterogeneous nucleation and growth of reversed do¬ 
mains as occurs in bulk ferromagnets. 5 Reversal would con- 
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sist of either the localized nucleation of a reversed domain 
and its subsequent propagation or the movement of an exis¬ 
tent closure domain through the particle. Moreover, defects, 
such as grain boundaries, lower the barrier to domain nucle¬ 
ation. As the energy of a domain wall is proportional to its 
area these scenarios are qualitatively consistent with the ob¬ 
served decrease in coercive force in smaller diameter par¬ 
ticles. 

In summary, we have demonstrated the ability to fabri¬ 
cate and measure nanometer scale ferromagnets. Magnetic 
structures with well-defined geometries have been coupled to 
an electronic system. This is the basis for a novel high sen¬ 
sitivity magnetometer which relies on the Hall effect in a 
semiconductor heterostructure. In addition to investigations 
of magnetic nanostructures, this combination enables studies 
of the effect of local magnetic interactions on electronic 
properties and transport in semiconductors. 
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Recent studies have demonstrated the possibility of inducing amorphous latent tracks in metallic 
materials by GeV heavy ion irradiation. In the present work, 0.880 GeV 238 U beams have been used 
to induce ferromagnetic amorphous nanocolumns in nonmagnetic crystalline YCo 2 films. The loss 
of crystallinity deduced by x-ray analysis is in good agreement with the one determined by magnetic 
measurements. The Co magnetic moment in the columns is approximately equal to 1 p , B , as in bulk 
amorphous YCo 2 , but the ordering temperature (150 K) is strongly reduced with respect to the bulk. 
Magnetization measurements reveal the nanocolumns to be single domain. A perpendicular 
anisotropy is observed in samples irradiated at the smallest fluencies, which is interpreted to be due 
to shape anisotropy. A progressive decrease of the anisotropy with increasing fluence is observed 
and qualitatively described in terms of dipolar interactions between columns. At low temperature, 
the coercive field reaches 650 Oe. A simple nonunifonn magnetization reversal process is suggested. 


I. INTRODUCTION 

The formation of defects by GeV heavy ion irradiation 
through inelastic scattering with the target electrons has re¬ 
cently been demonstrated for amorphous or crystalline me¬ 
tallic materials . 1-4 In particular, it has been shown that above 
an electronic stopping power threshold, the target could be 
locally amorphized. Two models have been proposed to de¬ 
scribe the formation of amorphous latent tracks, based either 
on the mutual repulsion of highly ionized atoms (Coulomb 
explosion model 5 ) or the heat transfer via phonons (thermal 
spike model 6 ). Transmission electron microscopy (TEM) ob¬ 
servations have revealed that under certain conditions, the 
irradiation-induced defects were stabilized in the form of cy¬ 
lindrical amorphous tracks along the ion path (latent tracks), 
with diameters in the range 20-50 A. 7-9 In this study, we 
show that in Y-Co alloys it is possible to induce amorphous 
ferromagnetic nanocolumns in a nonmagnetic crystalline ma¬ 
trix. This allows magnetization reversal processes to be stud¬ 
ied in an assembly of nanocoiumns with a relatively well- 
defined size and shape, in which the amplitude of the dipolar 
interactions can be varied through the total fluence of the ion 
beam. 

The formation of ferromagnetic columns in a nonmag¬ 
netic matrix is possible due to the fact that the magnetic 
properties of the binary Y-Co alloys depend drastically on 
whether the material is crystalline or amorphous. It is well 
known that in Y-Co compounds, the Co magnetic moment 
decreases as the Y content is increased through electron 
transfer into the 3 d band and 3d-4d hybridization 10 (Fig. 1). 
As a result, Co-rich crystalline compounds are ferromagnets, 
whereas compounds richer in Y then YCo 2 are Pauli para- 
magnets. However, amorphous Y-Co alloys are ferromag¬ 
netic up to an Y:Co ratio of the order of 1:1 . 11 This is due to 
the higher localization of the 3 d electrons in the amorphous 
state when compared to the crystalline state, as a result of 


atomic disorder and of the relatively weaker density. In ad- 
dit'on, the surrounding of a given Co atom is Co richer in the 
amorphous state where atoms are more or less distributed at 
random, as compared to the crystalline state where Y—Co 
bonds, chemically favored with respect to Co—Co bonds, 
can better be formed. 

Crystalline thin films of YCo 2 were prepared and subse¬ 
quently irradiated by U heavy ions in an attempt to induce 
amorphous tracks. The results of structural and magnetic 
analyses performed prior to and after irradiation are pre¬ 
sented in the following. 

II. EXPERIMENT 

The samples were deposited at room temperature by dc 
sputtering with a deposition pressure of 1-3X10 -3 Torr. Two 
sets of films were prepared with the following compositions: 
Si( 100 )/Ta 1000 A/YCo 2 1.5 yum/Ta 1000 A (samples A) and 
Si( 100 )/Ta 500 A/YCo,, 2300 A/Ta 500 A (samples 
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FIG. 1 Co atomic magnetic moment as a function of Co concentration in 
Y-Co binary alloys (after Ref. 11). The arrows labeled A and B indicate the 
stoichiometry of the series of samples A and B, respectively. 
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FIG. 3. Amorphous fraction as deduced by XRD [p(# open symbols] and 
by magnetic measurements [p 1 (<&)=M closed symbols]. M[ a) is 
the spontaneous magnetization of bulk amorphous YCo 2 . Data are fitted 
according to Eq. (2). 


FIG. 2. Detailed view of the XRD patterns showing the 311 and 222 most 
intense reflections in the irradiated samples. The symbols refer to samples 
irradiated at fluence: A1 and B1 at 10 12 ions/cm 2 , A2 and B2 at 5X10 12 
ions/cm 2 , A3 and B3 at 2X10 13 ions/cm 2 . For reference, the XRD patterns of 
the as-annealed samples are also shown (full line). 


B). The compositions and thicknesses of the films were de¬ 
termined by Rutherford backscattering (RBS) and transmis¬ 
sion electron microscopy (TEM). The as-deposited films 
were subsequently vacuum annealed at 550-600 °C for 1 h 
in order to crystallize the YCo 2 phase. The samples were 
then irradiated by 0.880 GeV 238 U ion beams at the GANIL 
accelerator in Caen, France. Three ion fluencies were se¬ 
lected: 10 12 ions/cm 2 (samples A1 and Bl), 5.10 12 ions/cm 2 
(samples A2 and B2) and 2X10 13 ions/cm 2 (samples A3 and 
B3). Structural characterization was performed by quantita¬ 
tive x-ray diffraction analysis (XRD) on a 0-2 6 diffracto¬ 
meter with Cu K a wavelength. The magnetic properties were 
determined between 4.2 K and room temperature using either 
a VSM or a SQUID magnetometer. 

III. STRUCTURAL CHARACTERIZATION 


integrated intensities are decreased. We ascribe this loss of 
crystallinity to the appearance of irradiation-induced amor¬ 
phous regions. A shift of the peaks toward smaller Bragg 
angles is also observed, which we ascribe to irradiation in¬ 
duced stresses. A detailed analysis of this effect is reported 
elsewhere. 14 The percentage />(<!>) of amorphized YCo 2 in 
the irradiated samples can be deduced by comparing the peak 
integrated area of the 311 Bragg reflection for each series of 
samples to the one measured before irradiation (Fig. 3). The 
equation describing the kinetics of defect creation can be 
expressed as: 15 

dv 

■jQ=<Ti(V,-v)-<T 2 v, ( 1 ) 

where is the amorphization cross section, a 2 is the exclu¬ 
sion cross section, v is the amorphized volume and V, the 
total sample volume. The exclusion cross section accounts 
for the fact that an ion track can be recrystallized if an in¬ 
coming ion happens to hit a ring around it. This exclusion 
ring implies that a complete amorphization of the samples is 
impossible. In particular, it defines a minimum separation 
distance between the amorphous columns. Solving Eq. (1) 
leads to 


XRD and TEM analyses revealed the as-deposited films 
to be amorphous and the annealed films to be crystalline. The 
latter showed the diffraction pattern of the fee YCo 2 Laves 
phase. 12 Samples A appeared to be single phase while in 
samples B, apart from the YCo 2 Bragg reflections, some ad¬ 
ditional peaks corresponding to a phase which could not be 
unambiguously identified were observed. However, consid¬ 
ering the mean stoichiometry of the alloy (YCo t ,) and the 
phase diagram of the Y-Co binary alloys, 13 one can infer that 
this phase could most likely be Y 9 Co 7 and estimate the frac¬ 
tion of YCo 2 to be about 30% of the total volume. Y 9 Co 7 is 
nonmagnetic in both the amorphous and the crystalline 
states. 12 

A detailed view of the YCo 2 311 and 222 peaks is rep¬ 
resented in Fig. 2 for both sets of samples. When the irradia¬ 
tion fluence is increased, the peaks are broadened and their 


p(<P)=^=_^(l- e -<<^2)*). (2) 

v t cr j ■+■ a 2 

Assuming that defects consist of latent tracks expanding 
across the film thickness, a, and <r 2 can be expressed as 


77 £>| 




(3) 


where D x is the diameter of the amorphous latent tracks and 
D 2 the diameter of the exclusion ring. Equations (2) and (3) 
were fitted to the experimentally deduced p{ <p) enabling D x 
and D 2 to be determined. The fit yielded D x =25 A and 
D 2 =50 A for samples A and D x =50 A and D 2 =60 A for 
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FIG. 4. (a) Magnetization curves of the as-deposited samples A measured in 
an applied field perpendicular (dashed line) and parallel (full line) to the film 
plane. Inset: magnetization curves of the same samples after heat treatment, 
(b) Magnetization curves of the as-deposited samples B measured in an 
applied field perpendicular (open symbols) and parallel (closed symbols) to 
the film plane. Inset: magnetization curves of the same samples after heat 
treatment. 


samples B. The reasons for the difference in the track diam¬ 
eters for both series of samples, as well as for the reduced 
recrystallization effects in samples B [revealed by the linear¬ 
ity of p(<t>) up to higher fluencies] remain unclear. Differ¬ 
ences in the microstructure of the specimens could play a 
role. A smaller average grain size, for example, can reason¬ 
ably be expected to influence the processes involved in de¬ 
fect creation and annealing. TEM observations are in 
progress. 


IV. MAGNETIZATION MEASUREMENTS 
A. Magnetization measurements of unirradiated films 

Magnetization measurements at 10 K have been carried 
out on both the amorphous as-deposited A and B samples as 
shown in Fig. 4. For samples A, a large susceptibility is 
obtained when the field is applied in the film plane. The 
spontaneous magnetization is 360 emu/cm 3 , corresponding to 
approximately 1 ju B /Co in agreement with the value already 
reported for bulk <j-YCo 2 ." When the field is applied per¬ 
pendicular to the film plane, the magnetization varies accord¬ 
ingly to the demagnetizing field slope, which indicates that 
magnetocrystalline anisotropy may be neglected with respect 
to shape anisotropy. After the crystallization heat treatment 
in-plane magnetization measurements of the same sample 
yield a very small residual magnetization of the order of 5 
emu/cm 3 (inset of Fig. 4). This residual ferromagnetic con¬ 
tribution can either originate from residual amorphous mate¬ 



FIG. 5. Hysteresis loops measured in samples A in applied fields perpen¬ 
dicular (full line) and parallel (dashed line) to the film plane. Insets: first 
magnetization curves measured along the easy directions, (a) Sample A1 
irradiated at 10 12 ions/cm 2 , (b) sample A2 irradiated at 5X10 12 ions/cm 2 , (c) 
sample A3 irradiated at 2X10 13 ions/cm 2 . 

rial or from the presence of magnetic crystallized phase, 
richer in Co than YCo 2 which could result from Y oxidation 
through the Ta capping layer. 

In samples B, the spontaneous magnetization of the as- 
deposited amorphous films is weak (25 emu/cm 3 ). This is a 
consequence of the large Y content (see Fig. 1). The magne¬ 
tization curves measured in-plane and out-of-plane are simi¬ 
lar. A significant susceptibility is present up to 10 kOe. This 
is ascribed to superimposed paramagnetism, in agreement 
with the fact that the alloy stoichiometry is close to the criti¬ 
cal concentration for the disappearance of magnetism. After 
heat treatment, the spontaneous magnetization is further re¬ 
duced to 5 emu/cm 3 , a value similar to that measured in 
annealed samples A. 

B. Magnetization measurements on irradiated 
samples 

After irradiation, magnetization measurements were ini¬ 
tially performed on thermally demagnetized samples. The 
susceptibility of the virgin magnetization curve measured at 
10 K along the easy direction is shown in the insets of Figs. 
5 and 6. In all samples, the initial susceptibility is weak until 
the field reaches values of the order of the coercive field 
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FIG. 6. Hysteresis loops measured in samples B in applied fields perpen¬ 
dicular (full line) and parallel (dashed line) to the film plane. Inset: first 
magnetization curves measured along the easy directions, (a) Sample B1 
irradiated at 10 12 ions/cm 2 , (b) sample B2 irradiated at 5X10 12 ions/cm 2 , (c) 
sample B3 irradiated at 2X 10 u ions/cm 2 . 


measured on the hysteresis cycles. Considering the small size 
of the nanocolumns deduced from the analysis in the above 
section, this can be attributed to single domain behavior. 

The magnetization loops measured at 10 K are reported 
in Figs. 5 (samples A) and 6 (samples B). The magnetization 
increases as the fluence is increased. This confirms the for¬ 
mation of amorphous ferromagnetic YCo 2 through irradia¬ 
tion. The fraction of amorphized film in samples A, p'(4>), 
deduced from the variation with the ion fluence of the spon¬ 
taneous magnetization and normalized with the ion 

fluence and normalized to the magnetization of bulk amor¬ 
phous YCo 2 , M[ a \ is reported in Fig. 3. p(4>) is in good 
agreement with the values of p(<P) deduced from XRD 
analysis. Assuming continuous amorphous columns with di¬ 
ameter D x one deduces that the Co moment is /t s = 1.0±0.2 
M fl /Co in all samples. This agrees with the value measured in 
the as-deposited amorphous films. A similar analysis can be 
carried out for samples B. However, because the sample is 
not single phase, the measured magnetization normalized to 
bulk YCo 2 , M S (<1 >)/must be multiplied by a factor a to 
match with values deduced from XRD. A value a=4 is 
obtained. 1 la represents the volume fraction of the YCo 2 



T(K) 

FIG. 7. (a) Temperature dependence of the magnetization M(T) in a field 
H =10 kOe for samples A. (b) Temperature dependence of 
M(T)lp'(Q)M¥\T). The prefactor 1/p'(«J>) is used to normalize the data 
to bulk YCo 2 . 


phase in the whole sample; it is in fairly good agreement 
with the value of 30% estimated in Sec. III. 

The temperature dependence of the magnetization mea¬ 
sured in a field of 10 kOe for the A samples is shown in Fig. 
7(a). This large field value was chosen to minimize possible 
superparamagnetic contributions. The magnetization de¬ 
creases rapidly with temperature. An average ordering tem¬ 
perature can be located at about 150 K. The curves 
M(T)/p'(<t>)M{ a \T), which compare the temperature de¬ 
pendence of the nanocolumns magnetization in the different 
samples, normalized through the factor p'($) to account for 
the different proportions of amorphous phase in each sample, 
are identical [Fig. 7(b)]. However, there are serious defer¬ 
ences with the temperature dependence of the magnetization 
in bulk amorphous YCo 2 : The rate of decrease of M{T) is 
enhanced and the Curie temperature is decreased (7^=380 K 
for amorphous YCo 2 ). This can be ascribed to the reduced 
dimensionality of the nanocolumns. 


C. Anisotropy in irradiated samples 

The comparison of hysteresis cycles obtained for H ap¬ 
plied, respectively, in-plane and out-of-plane shows that in 
samples irradiated at the lowest fluence (A1 and Bl) the 
magnetization tends to be perpendicular to the film plane. 
This is consistent with the formation of elongated magnetic 
columns by irradiation since shape anisotropy favors the 
magnetization to lie along the column’s long dimension. A 
remanent magnetization, which amounts to 0.2 M s , ; s how¬ 
ever obtained for the in-plane hysteresis loop, which reveals 
that the magnetization is not perfectly perpendicular to the 
film plane. This can be due either to me tracks not being 
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FIG. 8. Thermal variation of the anisotropy energy E A (T) in sample A1 
(open symbols) compared to the square of the magnetization (closed sym¬ 
bols). Inset: variation of E A as a function of M], 


exactly perpendicular to the film plane or to the magnetiza¬ 
tion deviating of the column axis. Further microstructural 
studies will be required to clarify this point. 

The anisotropic behavior of samples A may however be 
discussed by neglecting to first approximation the deviation 
of the magnetization from the perpendicular direction. At 10 
K, the anisotropy energy for the sample A1 is E A = 1.55 X10 4 
erg/cm 3 and the deduced mean anisotropy field is H A = 1.6 
kOe. The temperature dependence of the anisotropy energy is 
identical to that of Af 2 (Fig. 8 ). This confirms that the an¬ 
isotropy of the magnetic columns is dominated by shape an¬ 
isotropy. Magnetocrystalline bulk or surface anisotropy may 
be neglected, in agreement with the low anisotropy value 
observed in the as-deposited Y-Co amorphous films (see Sec. 
II B). 

To analyze the properties of sample Al, the total energy 
for a single column can be written as 

E = 2TrN {] M\ a)2 cos 2 d+2-nN l M\ a)2 sin 2 6 

+ 2Trp(<t>)M ( s a)2 cos 2 e-2TTN ± p($)M { s a)2 sin 2 6 

-M^H sin 8, (4) 

where /V'n and N x are the demagnetizing field coefficients, 
respectively, along the column’s long dimension (perpen¬ 
dicular to the film plane) and perpendicular to it (parallel to 
the film plane), and 6 is the angle between the magnetization 
direction and the film normal. The two first terms in Eq. (4) 
represent the particle self-dipolar energy, the two next terms 
represent the interparticle dipolar energy (see further) ex¬ 
pressed in the continuous medium approximation [i.e., 
equivalent to the demagnetizing field created by a continuous 
film of magnetization p(d>)M* a) ] and the last term is the 
Zeeman energy. From Eq. (4), the anisotropy may be related 
to the demagnetizing field coefficients through 

W 4 = 47r{/V 1 [l-p(d))]-A r p(<fc)}A/ s . (5) 

From Eq. (5) and with iV||+2A , 1 = l, the values 0.1 and 
N^O.45 are obtained. These values suggest that the nano¬ 
columns in sample Al are not ideally elongated. The same 
feature has been reported for NiZ T 2 alloys in which discon¬ 


FIG. 9. Calculated (open symbols) and experimental (closed symbols) val¬ 
ues of the mean anisotropy field as a function of the ion beam fluence 
(samples A). 


tinuous elongated latent tracks were observed . 7 TEM obser¬ 
vations are in progress in order to reveal the exact mor¬ 
phology of the tracks in our systems. 

The anisotropy was also measured in samples A2 and 
A3, irradiated at higher fluences. When the fluence is in¬ 
creased to 5X10 12 ions/cm 2 (sample A2) the magnetization 
curves are approximately identical whatever the direction of 
the applied field is. When the fluence is further increased to 
2X10 13 ions/cm 2 (sample A3), the easy magnetization direc¬ 
tion lies in-plane. From the identical temperature dependence 
of the reduced magnetization in the three samples [Fig. 7(b)], 
one can assume that the columns are identical whatever the 
fluence is. The variation of the anisotropy field with the ion 
fluence must then originate from the rise of interactions be¬ 
tween columns. Exchange interactions are generally isotropic 
in nature and it is thus legitimate to first order to consider 
dipolar interactions only. However, such dipolar interactions 
depend drastically on the initial zero-field magnetic configu¬ 
ration which in turn depends on exchange interactions be¬ 
tween particles. For amorphous YCo 2 columns embedded in 
a Pauli paramagnetic matrix of crystalline YCo 2 , exchange 
interactions between columns may be mediated by itinerant 
3d electrons of the matrix. The very strong decrease in an¬ 
isotropy observed with increasing ion fluence suggests that 
large dipolar interactions develop as the density of tracks in 
increased. This implies ferromagnetic coupling between 
neighboring columns, i.e., the formation of correlated re¬ 
gions with large average magnetization. This justifies the for¬ 
mulation used in Eq. (4) to express dipolar interactions. 

The anisotropy field variation calculated for samples A 
according to Eq. (5) is reported in Fig. 9. It accounts for only 
half the total anisotropy variation. This suggests that the con¬ 
tinuous medium approximation is not valid, especially at 
large ion fluencies. Statistical fluctuations in the column’s 
distribution function, which would locally increase the dipo¬ 
lar interactions may have to be considered. Another possibil¬ 
ity is that irradiation in recrystallized regions induces the 
formation of magnetic columns whose shape anisotropy is 
not as large as that of columns formed during first irradia¬ 
tion. 

A discussion of the anisotropic behavior in samples B 
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leads to a very similar conclusion. It is not included in this 
article. 

D. Coercivity 

The low-temperature value of the coercive field reaches 
H c =650 Oe in sample Al, that is half the value of the mean 
anisotropy field. It is known that for coherent rotation H c is 
equal to H A . However, in the case where shape anisotropy is 
involved, nonuniform magnetization processes, such as curl¬ 
ing, are, in general expected to occur and to reduce the co¬ 
ercive field to values much lower than 1/2 H A . The rather 
large value of the coercive field in the present case can be 
understood by considering that, as a consequence of the 
small diameter of the magnetic columns, curling cannot oc¬ 
cur. A simple nonuniform process can be considered, consist¬ 
ing in a progressive reversal and rotation of the magnetiza¬ 
tion about the column axis. To the very first approximation, 
the dipolar energy is reduced by a factor of 4 with respect to 
a uniform magnetization perpendicular to the column axis 
(coherent rotation). The exchange energy is 



where A is the exchange constant, 0 the angle between adja¬ 
cent moments, and / the length over which rotation occurs. I 
is obtained by minimizing the exchange energy with respect 
to the dipolar energy. One obtains 



With A =5X1(T 7 erg/cm 16 and Af^=360 emu/cm 3 , the do¬ 
main wall length is /=600 A. 

The coercive field can be estimated from the above by 
expressing that for H=H C , the Zeeman energy MHJ is 
equal to the sum of the dipolar and exchange energies. This 
yields f/ c =800 Oe, which is in reasonable agreement with 
the experimental value. For the samples A2 and A3 the co¬ 
ercive field is reduced to 300 and 150 Oe, respectively. This 
abrupt decrease can be explained by considering that magne¬ 
tostatic interactions will produce an additional demagnetiz¬ 
ing field expressed in the continuous medium approximation 
as 4 ' 7 rp(<t>)A/ J . Comparison between the experimental and 
the estimated values of the coercive fields is shown in Fig. 
10. It is somehow surprising that the variation of coercivity 
with fluence can be correctly described by this simple model 
whereas the same type of analysis does not properly account 
for the anisotropy field variation. 

V. CONCLUSIONS 

The original properties of magnetic nanocoiumr.s pro¬ 
duced by heavy ion irradiation have been discussed. The 



Fluence(10 13 ions.cm' 2 ) 


FIG. 10. Calculated (open symbols) and experimental (closed symbols) val¬ 
ues of the coercive field as a function of the ion beam fluence (samples A). 

observed anisotropy in these systems has been attributed to 
shape anisotropy. A magnetization reversal process has been 
discussed in which dipolar interactions are not fully mini¬ 
mized because of the very small diameter of the magnetic 
columns. Further microstructural analysis and new irradia¬ 
tion experiments on other intermetallic compounds contain¬ 
ing magnetic rare-earth elements are needed to allow a better 
understanding of the underlying mechanisms at the origin of 
anisotropy and coercivity. 

‘S. Klaumunzer, M.-d. Hou, and G. Schumacher, Phys. Rev. Ictt. 57, 850 
(1986). 

2 A. Audouart, E. Balanzat, G. Fuchs, J. C. Jousset, D. Lesucur, and L, 
Thome, Europhys. Lett. 5, 241 (1988). 

’A. Dunlop, D. Lcsueur, J. Morillo, J. Dural, R. Spohr, and J. Vetlcr, C. R. 
Acad, Sci. Paris 309, 127T (1989). 

4 A. Audouart, E Balanzat, S, Bouffart, J. C. Jousset, A. Chambered, A. 
Dunlop, D. Lcsueur, G. Fuchs, R. Spohr, J. Vetter, and L Thome, Phys, 
Rev. Lett. 65, 875 (1990). 

S R. L. Fiocischcr, P. B. Price, and R. M. Walker, J. Appl. Phys. 36. 3645 
(1965). 

6 M. Toulcmonde, E. Paumicr, and C. Dufour, Radial. Eff. Defects Solids 
126, 201 (1993). 

7 A. Barbu, A. Dunlop, D Lcsueur, and S. Averback, Europhys. Lett. 15, 37 
(1991). 

8 G. Fuchs, F. Studcr, E. Balanzat, D. Groult, M. Toulemonde, and J. C. 
Jousset, Europhys. Lett. 3, 321 (1987). 

9 M, Toulemonde and F. Sluder, Philos Mag A 58, 799 (1988). 

10 X. H. J Buschow, in Ferromagnetic Materials, edited by E. P. Wohlfarth 
(North-Holland, Amsterdam, 1980), Vol. 1. 

11 K. Moorjani and J. M. D. Coey, in Magnetic Glasses, edited by S. P, 
Wolsky and A W. Czanderna (Elsevier, New York, 1984). 

12 E. Burzo, A. Chelkowski, and H. R. Kirchmayr, in Numerical Data and 
Functional Relationships in Science and Technology (Landolt-Bomstein) 
edited by O. Madelung (Springer, Berlin, 1992), Vol. 19, p. 2. 

13 R. P. Elliott, in Constitution of Binary Alloys (McGraw-Hill, New York, 
1965). 

14 M. Ghidini, J. P. Nozieres, D. Givord, and B. Gervais (unpublished). 

15 V. Chailley, E. Doorhye, S. Bouffart, and E. Balanzat, Nucl. Instrum. 
Methods B (to be published). 

16 B. Dieny, D. Givord, and J. M. B. Ndjaka, J. Magn. Magn. Mater. 93, 503 
(1991). 


6666 J. Appl. Phys,, Vol 76, No. 10, 15 November 1994 


Givord et al. 





Magnetic wire and box arrays (invited) 

Atsushi Maeda, Minoru Kume, Takashi Ogura, and Kazuhiko Kuroki 

New Materials Research Center, Sanyo Electric Co., Ltd., 1-1 Dainichi-higashimachi, Moriguchi, Osaka 

570, Japan 

Takashi Yamada, Madoka Nishikawa, and Yasoo Harada 

Microelectronics Research Center, Sanyo Electric Co., Ltd., 1-18-13 Hashiridani, Hirakata, Osaka 573, 
Japan 

Ferromagnetic wire and box arrays with widths and spacings in the range of 2-0.6 pm were 
successfully fabricated utilizing high-resolution electron-beam lithography and lift-off techniques. 
The box arrays possessed a unique magnetic switching mechanism. As the magnetic field decreased, 
the magnetic coherency between the boxes which are in a row first disappeared. Domain wall 
motion in each box occurred in the next step. The demagnetizing fields observed in the wire arrays 
with short spacings were different from those calculated by a model, in which the wires are isolated 
from each other. Ferromagnetic resonance measurement implied the appearance of interwire 
dipole-dipole interaction. Multilayered wire arrays were also prepared to study the magnetoresistive 
characteristics. 


I. INTRODUCTION 

The physical properties of materials with an artificial 
superstructure have attracted much attention. 1,2 This is be¬ 
cause the effects from the periodicity and size are expected 
to be significantly different from those in the bulk states. In 
the past study, we have shown that metallic superlattices pre¬ 
pared by molecular-beam epitaxy possess unique structural 3 
and magnetic 4 characteristics. An artificial periodicity along 
the film normal plays an important role in this uniqueness. 
Therefore, two- or three-dimensional composition modula¬ 
tion in materials should be proposed as the next research 
target. Though atomic-level control is still not possible in the 
preparation of such artificial structures, fine patterning in 
submicron size can be made using various lithography tech¬ 
niques. In the field of magnetism, microscopic arrays of fer¬ 
romagnetic particles are prepared to study the basic prob¬ 
lems, such as demagnetization process and interparticle 
interaction. 5,6 

In the present study, periodic arrays of ferromagnetic 
wires and boxes are fabricated as the first step toward two- or 
three-dimensional modification. The magnetic properties are 
discussed on the basis of results obtained from hysteresis 
loops, Bitter patterns, and ferromagnetic resonance (FMR) 
measurement. As one of the applications of the artificial 
structure, mag 'toresistive characteristics of multilayered 
wire arrays are ..Iso studied. 

II. EXPERIMENT 

The wire and box arrays were fabricated utilizing high- 
resolution electron-beam lithography and lift-off techniques. 
l-/xm-thick poly(methyl methacrylate) resist films coated on 
Si (100) wafers were directly exposed by an electron beam 
with acceleration voltages between 25 and 50 kV. The typical 
exposure area (equivalent to sample size) was 10X10 mm 2 . 
After baking at 473 K under N 2 atmosphere for 20 min, they 
were developed using methyl isobutyl ketone. Next, Ni 80 Fe 20 
alloys (wt %) which form simple wire or box arrays were 
deposited at the room temperature on to a lithographic resist 
mask. Ion beam sputtering was used for the preparation of 


Ni 80 Fe 2c /Co/Cu/Co multilayered wire arrays. The resist por¬ 
tions were finally removed with acetone. In order to study 
the effect of the interwire or interbox interactions, arrays 
with various widths (w) and spacings ( 5 ) between 0.6 and 2 
/an were prepared. The artificial periodic structures formed 
were observed by scanning electron microscopy (SEM). 
Other structural characterization was done by x-ray diffrac¬ 
tion (XRD) with CuKa radiation. Magnetic hysteresis loops 
were measured at room temperature using a vibrating sample 
magnetometer. Bitter patterns were observed under magnetic 
fields less than 55 G. The FMR measurements were made 
with an electron spin resonance spectrometer operated on the 
X band at 300 K. Magnetoresistance (MR) was measured at 
room temperature in a four-terminal geometry with a direct 
current (J). 

III. RESULTS AND DISCUSSION 

A. Structural characteristics of Ni 80 Fe 20 arrays 

All Ni 80 Fc 20 wires and boxes prepared in this study have 
a thickness os 50 nm. Figure 1(a) shows the SEM images of 
the wire arrays with various widths and spacings. It is found 
that the widths are equal to the spacings as designed. The 
linearity and edge structure of each wire are good enough to 
discuss the physical properties. In the present study, we con¬ 
firmed that the specimen with a width and a spacing of 0.6 
pm possesses a sharp artificial structure. Though the box 
arrays also showed a clear periodic structure, the shape of 
each box rounded with increasing the exposure resolution, as 
shown in Fig. 1(b). The XRD patterns of the Ni 80 Fe 20 arrays 
showed no peaks in the middle-angle region. The measure¬ 
ment system used possesses sufficient sensitivity to detect 
the diffraction from tne arrays. Therefore, the crystallinity of 
the Ni 80 Fe 20 wires and boxes is concluded to be low. 

B. Magnetic characteristics of Ni 80 Fe 20 arrays 

The hysteresis loops obtained for the Ni 80 Fe 20 box array 
with a width and a spacing of 1 pm are shown in Fig. 2. 
When the magnetic field ( H) was applied parallel to a side of 
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FIG. 1. SEM images of NigoFc^ (a) wire and (b) box arrays with various 
widths (w) and spacings (s). 

the square (see Fig. 3). The magnetization (Af) increased 
and/or decreased in two steps. The same behavior was also 
observed in the M-H curves measured under the condition 
where the magnetic field was applied at an angle of 45° to a 
side of the square. These observations suggest the presence 
of two kinds of magnetization switching mode in the box 
arrays. Figure 3 shows the Bitter patterns of the box array 
with a width and a spacing of 2 fim. Under 55 G, only a dim 
pattern was observed in each box, indicating the incomplete 
saturation. In contrast, under the same field, some patterns 
were linearly present between the boxes which are in a row. 
This indicates that magnetic coherency was induced in the 
box arrays. As shown in Figs. 3(a) and 3(b), the coherence 


direction was in accordance with that of the applied field. 
Here, no coherent patterns were observed in the box arrays 
with large spacings. Consequently, the interbox distance is 
expected to be responsible for the appearance of the mag¬ 
netic coherency. Whether the boxes interact with each other 
or whether they are isolated from each other is a most inter¬ 
esting problem in the magnetism of the arrays. From this 
point of view, the above results are important. With decreas¬ 
ing field, the patterns between the boxes disappeared and the 
domain structure in each box became clear [see Fig. 3(c)], 
Therefore, the demagnetization process observed in the box 
arrays can be understood as follows. As the first step, the 
magnetic coherency between the boxes disappears with de¬ 
creasing magnetic field. The linear change of the magnetiza¬ 
tion, which is in the second step, reflects the wall motion in 
each box. 

Figure 4 shows the M-H curves obtained at room tem- 



FIG. 2. M-H curves of Nu^Fe^ box arrays with a width and a spacing of I 
ixm. (a) and (b) were measured under the condition where the H was applied 
parallel and at an angle of 45°, respectively, to a side of the square. 



11 (G) 


FIG. 4. M-H curves of NigoFczo wire arrays with a width and a spacing of 
1 ^tm. (a) and (b) were measured under the condition where the H was 
applied parallel and perpendicular, respectively, to the stripes. 
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FIG. 5. Experimental (O) and calculated {-) H d values of NtgoFe^ wire 
arrays with various widths (w) and spacings (s). 


perature for the Ni 80 Fe 20 wire arrays with a width and a 
spacing of 1 /an. Rectangular loops were observed when the 
magnetic field was applied parallel to the stripes. The hyster¬ 
esis feature indicates that the magnetization switching is at- 
t 'ibutable to only domain wall motion. The coercive field 
increased with decreasing wire width. Under the condition 
where the magnetic field was applied normal to the stripes, 
the magnetization linearly changed with increase and/or de¬ 
crease in the magnetic field, The feature shows that only 
magnetization rotation is responsible tr the switching pro¬ 
cess. Based on the magnetic data described above, the shape 
anisotropy is found to be induced in each wire, resulting in a 
magnetic easy-axis along the stripes. Here, no MR change 
was observed when the magnetic field was applied parallel to 
the stripes. Consequently, the induced anisotropy is con¬ 
cluded to be extremely strong, This prompted us to prepare 
multilayered wire arrays as described in Sec. Ill C. The de¬ 
magnetizing fields (Hj) in the wire arrays were studied as 
the function of the width and spacing. Since the total field 
(H,) for hard-axis saturation as noted in Fig. 4(b) is the al¬ 
gebraic sum of the anisotropy field ( H k ) and the H d , 7 the H d 
value was experimentally determined by using Eq. (1) 

H d =H,-H k . (1) 

In the present study, 5 Oe, which has been obtained for a 
Ni 80 Fe 2 o thin film with no patterns, was used as the H k value. 
In contrast, the H d of the wire arrays, in which the wires are 
isolated from each other, can be calculated from the geom¬ 
etry and the saturation magnetization 8 

H d =tM s /w , (2) 

where t is the thickness (50 nm), M s the saturation magne¬ 
tization of the Ni 80 Fe 20 (10 000 G), w the wire width. As 
shown in Fig. 5, H d exponentially increased as the w and s 
values decreased. Here, it is worth noting that the difference 
between the experimental and calculated data increases with 
decreasing width and spacing. This suggests that the wires 
interact with each other. However, the observation does not 
prove it because both of the w and s values are parametrized. 
Therefore, a FMR measurement was carried out on the wire 
arrays. The samples were in a uniform rf field at 9.224 GHz 
in a TE 01l cavity. A static magnetic field was applied perpen- 
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FIG. 6. FMR spectra of N : 8 oFe 20 wire arrays with a width and a spacing of 
1 /nm. (a) and (b) were measured under the condition where the static field 
was applied parallel and perpendicular, respectively, to the stripes. 

dicular to the rf field. As shown in Fig. 6 (a), when the static 
field was applied parallel to the stripes, uniform precessional 
mode was observed. On the other hand, under the condition 
where the magnetic field was applied normal to the stripes 
and parallel to the array plane, multiple resonances were ob¬ 
served at higher field than the main resonance. Such multiple 
resonances are similar to that corresponding to spin wave 
excitation . 9 However, the thickness of each wire is smaller 
than the wavelength of the spin wave. In addition, the mul¬ 
tiple resonances observed in the present study were strongly 
dependent on the width and spacing in the wire arrays, as 
shown in Fig. 7. Therefore, some other mechanism must be 
proposed for the wire arrays. In this context, we note the role 
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FIG. 7. FMR spectra of Ni S0 Fe 2( , wire arrays measured under the condition 
where the static field was applied perpendicular to the stripes. The width and 
spacing were (a) 1.0, (b) 1.5, and (c) 2.0 /nm. 
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FIG. 8. MR curves of NigoFe^j (6.0 nm)/Co (0.6 nm)/Cu (2.3 nm)/Co (4.0 
nm) multilayered wire array (a), (b) and film (c), (d). (a), (c) and (b). (d) 
were measured under the condition where the magnetic field was applied 
parallel and perpendicular, respectively, to the easy axis. 


of dipole-dipole interactions in the stripes. This is because 
the dipolar coupling is effective over a long range. In the 
pioneering work by Nakatani, it has been suggested that 
magnetic dipolar standing waves are excited in the wire 
arrays. 10 

C. Magnetoresistive characteristics of 
NigoFe^Co/Cu/Co multilayered arrays 

Various multilayered materials containing “spin valves” 
display a large negative MR change when the moments of 
adjacent ferromagnetic layers are turned from antiparallel to 
parallel. 11 ' 13 However, the magnetic moment is expected to 
form an angle of several degrees with another one in the 
plane. Therefore, we note the strong anisotropy induced in 
the wire structure as shown in Fig. 4. The shape anisotropy 
makes the magnetic antiparallel and parallel alignments in 
the multilayers complete. Figures 3(a)-8(d) show the MR 
curves of the Ni go Fe->o (6.0 nm)/C/0 6 nm)/Cu(2.3 nm)/ 
Co(4.0 nm) multilayered wire array and l',!m. Here, the mul¬ 
tilayered film sample was coprepared with the wire array. 
When the magnetic field was applied along the easy axis, the 
difference in the shape of the MR curves between the array 
and the film was distinct [see Figs. 8(a) and 8(c)]. Since the 
film sample possesses a normal MR change associated with 
the different coercive fields, the uniqueness is probably due 
to the wire structure. On the other hand, under the condition 


where the magnetic field was applied normal to the easy axis, 
the MR change in the wire array was likely steeper than that 
in the film, as shown in Figs. 8(b) and 8(d). The relation 
between the MR change and the demagnetization process of 
these samples is currently under investigation. 


IV. SUMMARY 

Wire and box arrays of Ni 80 Fe 2 0 with widths and spac- 
ings in the range of 2-0.6 yum were successfully fabricated 
utilizing high-resolution electron-beam lithography and lift¬ 
off techniques. Bitter patterns of the box arrays indicated that 
magnetic coherency is induced between the boxes which are 
in a row under the magnetic field. Two kinds of magnetiza¬ 
tion switching modes were present in the box arrays. The 
demagnetizing fields of the wire arrays with short spacings 
were larger than those calculated by a model, in which the 
wires are isolated from each other. The multiple resonances 
observed in the wire arrays implied the appearance of inter¬ 
wire dipole-dipole interaction. The magnetoresistive charac¬ 
teristics of the Ni 80 Fe 2 o/Co/Cu/Co multilayered wire array 
were preliminarily studied. 
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Ferromagnetic filaments fabrication in porous Si matrix (invited) 
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Institute for Physics of Microstructures, Russian Academy of Sciences, 46 Ul’janova St., 

603600 Nizhny Novgorod, Russia 

We have fabricated Ni filaments by nickel precipitation into a porous silicon matrix, making Ni 
filaments of about 200 A in diameter and 30 (im in length separated by ~ 5 00 A silicon walls. This 
composite material demonstrates strong magnetic anisotropy perpendicular to the surface due to 
shape anisotropy of the Ni filaments. 


I. INTRODUCTION 

When a silicon wafer is electrochemically etched by an¬ 
odization in hydrofluoric acid solutions a porous silicon (PS) 
layer is formed. Choosing appropriate etching conditions 
(electrolyte composition and current densities) which is spe¬ 
cific for each silicon type, one can get a PS structure with 
cylindrical micropores oriented perpendicular to the surface. 
The remarkable properties of PS that are pertinent here are 
that its pores are very uniform in diameter and length, that 
the pores are parallel and the pore density, pore length and 
diameter can be controlled rather easily by varying electro¬ 
chemical parameters and silicon doping. 1 . Typical pore diam¬ 
eters which could be obtained are in the range of 10-1000 A 
and pore length is practically unlimited and controlled only 
by etching time. We used PS as a matrix to form ferromag¬ 
netic filaments by electrodepositing nickel into the pores. 
Starting the research we assumed this material to have a 
large perpendicular anisotropy due to shape anisotropy of 
ferromagnetic filaments. Some properties of small aniso¬ 
tropic magnetic particles in nonmagnetic matrix have been 
previously reported for Fe needles into A1 2 0 3 matrix 2,3 and 
for Co rods in the same matrix. 4,5 In the present article we 
report on our experiments on the Ni filaments in porous Si 
matrix. 

II. EXPERIMENT AND RESULTS 

A. Anodization 

We have anodized a n-type Sb-doped 0.01 Cl cm silicon 
substrate in the HFiethanol (1:1) solution at 18-20° C with a 
dc current (100 mA/cm 2 ) for 5 min, getting the PS layer of 
30 /im thickness. A JEM 2000 EXII electronic microscope 
was used to study PS structure. Scanning electron micros¬ 
copy (SEM) observations of the sample split (Fig. 1) re¬ 
vealed that the pore diameter and the average separation be¬ 
tween pores are -200 and ~500 A, respectively. 

B. Nickel precipitation 

After PS formation, nickel was electrodeposited into the 
pores using ac electrolysis in an electrolyte of the following 
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composition: NiCl 2 -6H 2 0 185g//; boric acid 45 g//; pH 
= 3.0. Nickel precipitation was carried out at 1-3 V, 50 Hz, 
and 18-20° C with nickel counterelectrode. The nickel con¬ 
centration profile were studied by x-ray microanalysis with a 
LINK analyzer mounted on the electronic microscope, scan¬ 
ning along the sample split in the pore direction by the elec¬ 
tronic spot. The Si Ka and Ni Ka lines intensity distribution 
(corresponding with the elements concentration profiles) 
along the sample depth are presented in Fig. 2. 


C. Magnetic properties 

To investigate magnetic properties of the obtained me¬ 
dium a ferromagnetic resonance (FMR) study of samples 
was carried out with electron paramagnetic resonance (EPR) 
spectrometer PS100X at rf 9.45 GHz in the magnetic fields 
up to 7 kOe. The angular anisotropy along the nickel fila¬ 
ments with the value in the range 300-2000 Oe depending 
on the sample structure. A representative angular dependence 
corresponding to 800 Oe uniaxial anisotropy is shown in 
Fig. 3. 

Tire hysteresis curves for this sample were measured by 
vibrating sample magnetometer (VSM) and are presented in 
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FIG. 1. SEM image of the porous silicon sample split along the pores. 
Substrate: n-type Si 0.01 ft cm; electrolyte: HF:ethanol (1:1); etching cur¬ 
rent: 100 mA/cm 2 . Average pore diameter, length 200 A, 30 /urn. 
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FIG. 2. The Si Ka and Ni Ka lines intensity distribution (corresponding 
with elements concentration profiles) of metaiiLied porous layer determined 
by x-ray microanalysis. 


Fig. 4. The difference between the perpendicular and in¬ 
plane loops confirms the presence of perpendicular magnetic 
anisotropy. 



III. CONCLUSION 

The carried out magnetic measurements shows the per¬ 
pendicular anisotropy material fabrication. Our investigation 
of this medium structure revealed that this material repre¬ 
sents a set of nickel filaments with diameters =£200 A and 
length ~30 fim separated by 500 A silicon walls. It is 
known, that in a ferromagnetic cylinder with radius less than 
the exchange length magnetization is uniform along the 
radius. 5 The calculated exchange length for nickel is about 
300 A. So one can expect quasi-one-dimensional magnetic 
properties for the obtained Ni filaments with smaller diam¬ 
eters ~200 A). 



FIG 3. FMR resonant field angular dependence. (Zero angle corresponds 
with in-plane external magnetic field.) Corresponding perpendicular anisot¬ 
ropy —800 Oe. 



FIG. 4. Perpendicular (a) and in-plane (b) hysteresis loops measured by 
VSM for a Ni-filled porous Si sample. 
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Single-domain magnetic pillar array of 35 nm diameter and 65 Gbits/in. 2 
density for ultrahigh density quantum magnetic storage 

Stephen Y. Chou, Mark S. Wei, Peter R. Krauss, and Paul B. Fischer 

Department of Electrical Engineering, University of Minnesota, Minneapolis, Minnesota 55455 

Using electron beam nanolithography and electroplating, arrays of Ni pillars on silicon that have a 
uniform diameter of 35 nm, a height of 120 nm, and a period of 100 nm were fabricated. The density 
of the pillar arrays is 65 Gbits/in. 2 —over two orders of magnitude greater than the state-of-the-art 
magnetic storage density. Because of their nanoscale size, shape anisotropy, and separation from 
each other, each Ni pillar is single domain with only two quantized perpendicular magnetization 
states: up and down. Each pillar can be used to store one bit of information, therefore such 
nanomagnetic pillar array storage offers a rather different paradigm than ’ne conventional storage 
method. A quantum magnetic disk scheme that is based on unifcr-’Jy embedding single-domain 
magnetic structures in a nonmagnetic disk is proposed. 


I. INTRODUCTION 

Perpendicular magnetic recording media have been con¬ 
sidered by many as the media that will offer the largest stor¬ 
age density. Previously, several perpendicular recording me¬ 
dia were developed and investigated. These include Co-Cr 
thin films with vertical grains, 1,2 barium ferrite powder with 
a perpendicular c axis, 3 and vertical ferromagnetic pillars 
plated through porous A1 films 4 or plastics films with nuclear 
radiated tracks. 5 In all these media, the diameter of magnetic 
grains and the magnetization direction have a broad continu¬ 
ous distribution; the spacing between the grains varies and is 
uncontrollable; and each bit of information is stored over at 
least several magnetic grains. 

In order to explore the ultimate size of a magnetic bit 
and the ultimate spacing between neighboring magnetic bits 
(therefore storage density), to improve understanding of the 
fundamental magnetics, and to develop new magnetic de¬ 
vices of high speed and high uen«ity, we have fabricated 
ultrahigh density arrays of single-domain nickel pillars using 
electron beam nanolithography and electropk.ing. The 
unique advantage of nanolithography is that the dimension of 
each pillar as well as the spacing between the pillars can be 
well controlled and uniform. Due to small size and shape 
anisotropy, each pillar is a single domain with magnetization 
perpendicular to the substrate. Moreover, each magnetic pil¬ 
lar can be used to store one bit of information. In this article 
we will discuss the fabrication process, magnetic force mi¬ 
croscope (MFM) measurements, and the possibilities of a 
novel new recording paradigm tfered by these pillars. 

II. FABRICATION OF MAGNETIC PILLAR ARRAYS 

A schematic of our fabrication process is shown in Fig. 
1. A thin gold plating base was deposited or a silicon sub¬ 
strate. A high resolution election beam resist, polymethyl 
methacrylate (PMMA), was then spun onto the substrate. 
Depending upon the desired pillar height, the thickness of 
the PMMA is typically 130 nm; however, 720 nm thick 
PMMA was also used in some cases. Dot arrays with diam¬ 
eters from 35 to 40 nm and spacings from 50 to 1000 nm 
were exposed in the PMMA using a high resolution electron 
beam lithography system with a beam diameter of 4 nm. The 
exposed PMMA was then developed in a cellosolve and 
methanol solution creating a template for the electroplating 


process. The sample was immersed in a nickel sulfamate 
type plating bath and nickel was electroplated into the tem¬ 
plate openings until the nickel thickness was near the tem¬ 
plate thickness. The plating rate, which is a function of plat¬ 
ing current, template diameter, and template thickness, was 
well calibrated and was fixed at 45 nm/min for our work. 
After electroplating, the PMMA template was removed. 

After fabrication, the pillars were examined using a 
scanning electron microscope (SEM) to verify the pillar di¬ 
mensions. The resulting nickel pillars are uniform and have 
desired shape anisotropy. Figure 2 show c ~ SEM micrograph 
of a pillar array having a diameter of 35 nm, a height of 120 
nm, and therefore an aspect ratio of 3.4. The pillar array has 
a period of 100 nm, and thus has a magnetic storage density 
of 65 Gbits/in. 2 which is two orders of magnitude higher than 
the state-of-the-art storage. The pillars have a cylindrical 
shape with very smooth sidewalls. 
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FIG. 1. Schematic of nanomagnetic pillar array fabrication process. 
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FIG. 2. SEM image of Ni pillar array of 35 nm diameter, 120 nm height, 
and a 100 nm spacing. The density is 65 Gbits/in. 2 and the aspect ratio is 
3.4. 


Figure 3 shows a SEM micrograph of a second sample 
that was fabricated using 720 nm thick PMMA to obtain 
taller nickel pillars. These pillars have an average diameter 
of 75 nm, a height of 700 nm (therefore an aspect ratio of 
9.3), and a period of 100 nm. Compared with the pillars in 
Fig. 2, these tall pillars have a cone shaped sidewall with an 
angle of 1.6° from vertical. Such cone shape results from the 
fact that during the plating, the Ni pillars conformed with the 
PMMA template that has a cone shape due to significant 
electron scattering in the thicker PMMA during the lithogra¬ 
phy. 



FIG. 3 SEM image of Ni pillar array of average 75 nm diameter, 700 nm 
height, and a 100 nm spacing. The density is 65 Gbits/in. 2 and the aspect 
ratio is 9.3. 


III. THEORETICAL ANALYSIS 

We discuss the theoretical analysis of the nickel pillar 
arrays here and the characterization in the next section. First, 
theoretical calculation indicates that each nickel pillar should 
be single domain. Using Aharoni’s formulas, the diameter for 
a prolate nickel spheroid with an aspect ratio of 3.4 to be 
single domain should be 52 nm or smaller. 6 In our case, the 
pillar diameter is 35 nm and therefore should be single do¬ 
main. 

Second, if each pillar is used to store one bit of informa¬ 
tion, such nanoscale pillar array storage has a rather different 
paradigm than the conventional storage. In conventional stor¬ 
age, each bit of information is stored over a number of mag¬ 
netic grains which have a broad distribution in grain size, 
spacing, and magnetization direction. These distributions 
will result in the variation of the total magnetization of each 
bit stored and give rise to noise in reading. In the single¬ 
domain pillar array on the other hand, each bit is stored in a 
pillar which has only two quantized magnetization values: up 
or down in direction but equal in magnitude. Therefore, 
noise for each bit should be small. Certainly development of 
fabrication processes for these nanomagnetic pillar arrays is 
just the first step towards realization of this paradigm; meth¬ 
ods for writing and reading information in such a media still 
need to be developed. 


IV. CHARACTERIZATION 

We have attempted to use a high resolution magnetic 
force microscope (MFM) operating at 300 mTorr to examine 
these ultra-high density pillar arrays, but were unsuccessful. 
The primary reason is that since the topology image and 
magnetic image are intertwined in MFM, the aspect ratio of 
our nanomagnetic pillars is so large that the topology image 
completely masks the magnetic image. Despite the difficulty 
in characterizing these nanomagnetic pillars, MFM measure¬ 
ments showed that horizontal nanomagnetic bars of 35 nm 
thickness and nanoscale widths are single domain, support¬ 
ing our theoretical estimation that the nanomagnetic pillars 
should be single domain as well. 7 

Two other possible methods may be able to characterize 
the nanoscale magnetic pillars: scanning electron microscopy 
with polarization analysis (SEMPA) and magnetooptical 
Kerr effect microscopy (MOKE). Currently, we are pursuing 
these two studies. SEMPA analysis forms images by scan¬ 
ning a focused electron beam across a sample and detecting 
the spin polarization of secondary electrons. The magnitude 
and direction of the secondary electron’s spin polarization is 
directly proportional to the magnitude and direction of the 
magnetization of the sample being scanned. MOKE analysis 
measures the magnetization of the pillars versus the mag¬ 
netic field by detecting the rotation of polarization state of 
light reflected from a ferromagnetic sample. We have built a 
detection system that can detect a signal-to-noise ratio near 
10 -8 and are building a special probe station that will enable 
us to focus the laser beam to a diameter of 3-4 /tim and 
position the beam to a specific location of the sample within 
2 /nm accuracy. 


6674 J. Appl. Phys,, Vol. 76, No. 10, 15 November 1994 


Chou et al. 






FIG. 4. Schematic of a quantum magnetic disk which consists of prepat- 
temed single-domain magnetic structures embedded in a nonmagnetic disk. 

V. QUANTUM MAGNETIC DISK 

Based on these artificially patterned single-domain mag¬ 
netic structures, we propose a new paradigm for ultra-high 
density magnetic disk: Quantum Magnetic Disk. 8 As shown 
in Fig. 4, a quantum magnetic disk consists of prepatterned 
single-domain magnetic structures embedded in a nonmag¬ 
netic disk. Each bit in the quantum magnetic disk is repre¬ 
sented by a prefabricated single domain magnetic structure 
that has a uniform and well-defined shape, a prespecified 
location, and most importantly, a quantified magnetization 
that has only two states: the same in value and opposite in 
direction. In other words, the shape, magnetization, and lo¬ 
cation for each bit in a quantum magnetic disk are all quan¬ 
tized and predefined during the disk manufacturing. On the 
contrary, in a conventional magnetic disk where a bit is not 
defined at disk fabrication, the shape and magnetization of 
each bit have a broad distribution and the location of a bit 
can be anywhere on the disk. The quantum magnetic disk 
also differs from discrete track disk 9,10 and discrete segment 
disk 11,12 where the magnetization (both value and direction) 
of each bit can have a continuous and broad distribution. 

The advantages of quantum magnetic disks over the con¬ 
ventional disks are apparent. First, the writing process in the 
quantum disk is greatly simplified, resulting in much lower 
noise and lower error rate and allowing much higher density. 
In the quantum disk, the writing process does not define the 
location, shape, and magnetization value of a bit, but just 
simply flips the quantized magnetization orientation of a pre¬ 
patterned single-domain magnetic structure. The writing can 
be perfect, even though the head slightly deviates from the 
intended bit location and partially overlaps with other bits, as 
long as the head flips only the magnetization of the intended 
bit. But in the conventional magnetic disk, the writing pro¬ 
cess must define the location, shape, and magnetization of a 
bit. If the head deviates from the intended location, the head 
will write part of the intend bit and part of the neighboring 
bits. 


Second, the quantum disk can track every bit individu¬ 
ally, but the conventional disk cannot track all of its bits. 
This is because that in quantum disk each bit is separated 
from others by nonmagnetic material, but in the conventional 
disk many bits are connected. The individual-bit-tracking 
ability allows precise positioning, lower error rate, and there¬ 
fore ultrahiji density storage, 

Finally, reading in the quantum disk is much less jitter 
than that in the conventional disk. The reason is that in the 
conventional disk the boundary between bits is ragged and 
not well defined, but in the quantum disk each bit is defined 
with nanometer precision (can be less than the grain size) 
and is well separated from each other. 

VI. SUMMARY 

Using electron beam nanolithography and electroplating, 
arrays of Ni pillars on silicon that have a uniform diameter of 
35 nm, a height of 120 nm, and a period of 100 nm were 
fabricated. The density of the pillar arrays is 65 
Gbits/in. 2 —over two orders of magnitude greater than the 
state-of-the-art magnetic storage density. Because of their 
nanoscale size, shape anisotropy, and separation from each 
other, each Ni pillar is single domain with only two quan¬ 
tized perpendicular magnetization states: up and down. Each 
pillar can be used to store one bit; such nanoscale pillar array 
storage offers a rather different paradigm than the conven¬ 
tional storage method. Certainly development of fabrication 
processes for such magnetic recording media is just the first 
step towards realization of this paradigm; methods for writ¬ 
ing and reading information with such a media still need to 
be developed. MFM characterization of these pillars is un¬ 
successful at the moment due to large aspect ratio. Charac¬ 
terization using SEMPA and MOKE is in progress. Finally, 
based on the artificially patterned single-domain magnetic 
structures, a new paradigm for ultrahigh density magnetic 
recording media—the quantum magnetic disk is proposed. 
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Clusters of iron, cobalt, and nickel are produced in a laser vaporization source. The size distributions 
of the incident clusters are checked by time-of-flight mass spectrometry before deposition at low 
energy. Studying the near threshold photoionization, Co„ and Ni„ clusters exhibit an icosahedral 
structure while for iron, no clear structure emerges. Neutral clusters were deposited on different 
substrates at room temperature with thicknesses up to 100 nm in view to determine their structure 
and magnetic properties. A limited coalescence of the clusters is observed from high-resolution 
transmission electron microscopy. No icosahedron has been observed but cuboctahedron and 
interface twins between adjacent particles have been clearly identified in Ni films. Grazing incidence 
x-ray diffraction experiments reveal a classical phase with grain size around 6 and 4 nm for Fe and 
Ni films, respectively but an anomalous fee phase for Co films and a very low grain size of 2 nm. 

The density of films determined by x-ray reflectivity was estimated to represent only 60%-65% of 
the bulk density. Magnetic behaviors studied by ferromagnetic resonance and SQUID magnetization 
measurements have been interpreted using the correlated spin glass model. Mossbauer spectra 
performed on Fe films at zero field revealed the presence of 20% of iron in the form of thin 
nonmagnetic oxide skin surrounding Fe grains which allow to find 2.2 pB per magnetic iron atom 
in agreement with macroscopic magnetic measurements. Nevertheless we found an anomalous 
reduced atomic moment for Ni film. 


INTRODUCTION 

Recently, magnetic properties such as exchange coupling 
or giant magnetoresistance mainly observed in metallic mul¬ 
tilayers have been detected in other nanostructured systems. 
For example, Berkowitz et al} and Xiao et air observed gi¬ 
ant magnetoresistances in ultrafine Co-rich precipitate par¬ 
ticles in a Cu-rich matrix. These samples were prepared by 
coevaporation taking advantage of the low solubility of Cu in 
Co. However, though this technique is limited to nonmiscible 
components, the adjustable cluster diameter is a new param¬ 
eter in addition to the distance between particles as in thin 
film layers. Thus, studies on clusters and cluster assembled 
materials are of increasing interest. 

The laser vaporization source of the laboratory 3 allows 
the obtention of an intense cluster beam of any size distribu¬ 
tion (from few to a thousand atoms per cluster) and the syn¬ 
thesis of cluster assembled materials, even of the most re¬ 
fractory and of the most complex ones. The cluste* size 
distribution is checked by time-of-flight mass spectrometry 
before deposition. Our source producing cold dusters with 
low kinetic energy, incident clusters do not fragment on the 
substrate and may conserve their intrinsic structures. Thus 
we succeeded in the stabilization of very small size 
fullerenes (Q>o-C 32 ), never previously observed experimen¬ 
tally. We clearly evidenced that deposited carbon clusters 
presented the in flight-clusters fingerprint. 3 


Our challenge in depositing transition metal clusters is to 
synthesize new phases where the anomalous crystallographic 
structures of free clusters would be kept and to study the 
specific magnetic behavior of these weakly correlated enti¬ 
ties on a substrate. Once more, w“ ;how that our technique 
leads to a random compact cluster stacking (RCCS). 3 Thus 
magnetic results could be interpreted by random anisotropy 
model with a scale law and in terms of localization of spin 
waves. 


EXPERIMENT 

Our cluster source is based on the technique of laser 
vaporization. 3-5 Roughly, a plasma is created in a vacuum 
cavity by Nd-YAG laser light. Synchronized with the laser, a 
high pressure (5 bars) helium pulse, injected in the cavity by 
a nozzle, thermalizes the plasma and cluster growth occurs. 
The nascent clusters are then rapidly quenched during the 
following isentropic expansion into vacuum (10 -7 Torr). 

Cluster size distributions are analyzed in a time-of-flight 
mass spectrometer. Studying the near threshold photoioniza¬ 
tion (performed with a frequency-doubled tunable dye laser 
pumped by a XeCl excimer laser), mass spectra of Co„ and 
Ni„ clusters exhibit oscillations and a series of magic num¬ 
bers (n = 13,55,147,309,561,...) corresponding to an 
icosahedral or cuboctahedral atomic shell structure in the ob¬ 
tained mass range (50-800 atoms per cluster). A finer analy- 
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sis allows us to conclude for the icosahedral structure. 6 For 
iron clusters, the results are not so simple, indicating a com¬ 
petition between different regimes. 6 

Then, free neutral clusters are deposited with a kinetic 
energy in the 10-20 eV range on different substrates at room 
temperature with thicknesses up to 100 nm in view to deter¬ 
mine their structure and magnetic properties. 

SAMPLE CHARACTERIZATION 

The typical size of supported clusters obtained from 
high-resolution transmission electron microscopy (HRTEM) 
was about 2-6 nm for an initial size distribution centered 
around 150 atoms for Fe and 300 atoms for Co and Ni clus¬ 
ters, respectively. No icosahedron was observed but cuboc- 
tahedra and interface twins between adjacent particles was 
clearly identified in Ni films. Quasispherical grain morphol¬ 
ogy existed in Fe film which could correspond to a bcc 
rhombic dodecahedron [110] according to the Wulff’s 
theorem. 7 Grazing incidence x-ray diffraction (GIXD) ex¬ 
periments exhibit a classical bcc phase for Fe films but a fee 
phase for both Co and Ni with a grain size extracted from the 
peak width of about 6, 4, and 1.5 nm, respectively, in agree¬ 
ment with electronic diffractions and TEM observations. The 
classical structure of cobalt being hep, the fee phase ob¬ 
served in Co films might be related to the icosahedral struc¬ 
ture of the incident cluster beam. In fact, the icosahedron is 
expected to be the precursor of the fee crystal. The small 
grain size and the reminiscence of a free cluster structure 
confirm the limited coalescence process due to a weak diffu¬ 
sion of metallic clusters on the substrate even at room tem¬ 
perature. 

Rutherford backscattering spectroscopy showed that 
these porous films are composed of 20%-30% of oxygen for 
70%-80% of metals. The density of the films, determined by 
x-ray scattering at very low angle in 0120 mode and from 
rocking curve around the critical angle of the total reflectiv¬ 
ity, was estimated to represent only 60%-65% of the bulk 
density. 8 

MAGNETIC PROPERTIES 

Mossbauer spectra performed at room temperature on Fe 
films without magnetic field revealed the presence of the 
sextet of the metallic iron (with hyperfine field around 332 
KOe and representing 80% of the signal) and of two doublets 
corresponding to 20% of ferric oxide (Fig. 1). Whereas the 
common isomer shift of both nonmagnetic signals is equal to 
0.4 mm/s compared to the metallic iron, the quadrupolar 
splittings respectively equal to 0.9 and 2.4 mm/s allow us to 
differ two types of oxide. The first one is identified as a thin 
layer of nonstoechiometric Fe 3 0 4 or/and a mixture of sto- 
echiometric Fe 3 0 4 and y-Fe 2 0 3 phases 9 (in agreement with 
the GIXD experiments on the most oxidized films 10 ). The 
second one, not identified so far could be related to a free- 
cluster oxidation. These results allow to describe the sup¬ 
ported clusters as pure iron core surrounded by a thin skin (2 
or 3 monolayers 7 ) of non-magnetic oxide. On the other hand, 
the intensity ratio of the sextuplet (321123) evidences a ran¬ 
dom spatial distribution of the magnetization at zero field. 


* Experimental curve 
-■ Simulated curve 



FIG. 1. Mossbauer spectra obtained on a Fe 150 film at 300 K. 

The macroscopic magnetic behavior of our films has 
been studied using ferromagnetic resonance (FMR) and mag¬ 
netization measurements (SQUID). FMR curves roughly tra¬ 
duced a thin film behavior 11 but revealed several resonance 
magnetic fields due to anchorage of spin waves at the surface 
(when the applied field is perpendicular to the surface of the 
film). The coercive field at 300 K is about 100 Oe for cobalt, 
50 Oe for iron, and lower than 10 Oe for nickel and increases 
at 10 K up to 1000 and 500 Oe for Co and Fe films, respec¬ 
tively. The value of the saturation magnetization was related 
to the density value and to the quantities of oxides. For iron 
in agreement with Mossbauer results, the classical atomic 
moment of 2.2 /jB per magnetic iron atom is retrieved. On 
the contrary we found a strongly reduced value in Ni film. 
The atomic moment per Ni atom has been estimated to be 
equal to 1/4 of the bulk value (taking into account the film 
density). By extrapolating the magnetization curve versus 
temperature, the Curie temperature T c has been found to be 
around 350-400 K. Thus the magnetization reduction can 
not be uniform, otherwise T c would be much more reduced. 
This could be due to the presence of dead magnetic layers 
similar to that observed in Fe films and/or to antiferromag¬ 
netic coupling between Ni particles via Ni shell. Magnetore¬ 
sistance measurements and magnetization under high mag¬ 
netic field are in progress in view to see respectively an 
important negative magnetoresistance and a second transi¬ 
tion of the saturation magnetization. 

We fitted the approach to saturation of the magnetization 
using the Chudnovsky model. 12,13 The experimental law of 
approach to saturation in magnetic systems is perfectly fitted 
by the formalism of the random-anisotropy amorphous mag¬ 
nets. In the Chudnovsky’s model, 12 a physical parameter is 
defined 
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FIG. 2. Magnetization taw in approaching saturation obtained on a Feuo 
film at 300 K. 
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where R a is the distance over which the local anisotropy axes 
are correlated and A is the exchange constant. The parameter 
\ is the critical boundary between the correlated spin glass 
(CSG) regime (\<1) and the speromagnetic state (\>1). 
One can define the ferromagnetic correlation length 
Rf-R a /\ 2 . The best fit 10,13 of the curve on Fe films (Fig. 2) 
gives respectively, 2R a -6 nm, K—2.510 6 erg/cm 3 (in 
agreement with I-MR fits, to compare to 5X10 5 erg/cm 3 in 
the bulk), A ~ 10“ 7 erg/cm, therefore .\=0.66 and kf =8 nm. 
Let us underline that in amorphous alloys, R a is always of 
the order of the inter-reticular distance (e.g., in rare earth-Fe 
compounds R a = 0.5 nm 14 .) In our case we note that R a ex¬ 
actly corresponds to the supported particles size and that the 
Rf value shows the ferromagnetic correlation limited to the 
first neighbors. However, if the ferromagnetic domain was 
strictly limited to the Rf value, the film should be superpara- 
magnetic. That confirms the definition of R f in the CSG 
model where it represents an exponential decay coupling. We 
thus showed that RCCS films can be described as an amor¬ 
phous with an adjustable parameter R a . In our case, R a is 
great enough to reach experimental fields larger than the 
crossover field 11 H m =2A!Mft 2 a which separates the region 
with and without random anisotropy fluctuations (determined 
around 3 kOe in Fe films). In Ni films (Fig. 3) we clearly see 
two regimes for the low field (A M!M S ) variation versus tem¬ 



FIG. 3. Magnetization vs temperature obtained on a Ni^, film. 


perature (maybe correlated to a r N ^ e) of Ni oxide). At low 
temperature the random anisotropy fluctuations dominate 
(with a H -2 law) whereas at high temperature the exchanges 
dominate (with a H -1/2 law), the transition occurring around 
200 K. 

In conclusion, these first results lead us to pursue this 
study to elucidate some other chf* '"ristic magnetic param¬ 
eters of the layers ( T c , e.g., antifcrroinagnetic coupling in Ni 
films, and complete magnetic study on promising Co films). 
In particular, x-ray absorption measurements will allow us to 
locally describe crystallographic and magnetic atomic envi¬ 
ronment in view to explain the anomalous atomic moment in 
Ni films. Experiments with cooled substrates are in progress 
to attempt to stabilize the icosahedral structure which is ex¬ 
pected to lead to specific magnetic properties. 
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Size effects on switching field of isolated and interactive arrays 
of nanoscale single-domain Ni bars fabricated using 
electron-beam nanolithography 
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Isolated nanoscale Ni bars with a length of 1 /tm, a width from 15 to 300 nm, and interactive bar 
arrays with a spacing from 200 to 600 nm were fabricated using electron-beam lithography and were 
studied using magnetic force microscopy. The study showed that the virgin magnetic state of bars 
with a width smaller than 150 nm was single domain and otherwise multidomain. It also showed that 
the switching field of isolated bars initially increases with decreasing bar width, then reaches a 
maximum switching field of 740 Oe at a width of 55 nm, and afterwards decreases with further bar 
width reduction. Furthermore, it was found that the switching field of the interactive bars decreases 
almost linearly with reduction of the spacing between the bars. 


I. INTRODUCTION 

Understanding the behavior of a single domain magnetic 
particle and the interaction between the particles is very im¬ 
portant, because these particles are the basic constituents of 
many magnetic recording materials. However, previously 
most experimental studies of magnetic particles were made 
in an ensemble of such particles and the properties of a 
single particle were inferred only through extrapolation. Due 
to large variation in particle dimensions, randomness of mag¬ 
netization and unavoidable interaction, detailed information 
about single particles and their interaction is smeared out. 

Due to advance in nanofabrication technology, now it is 
possible to nanoscale magnetic particle arrays with precise 
sizes, shapes, and spacing. This opens up new opportunities 
to understand the fundamentals of micromagnetics and de¬ 
velop new magnetic materials. Recently, the first reported 
study of nanoscale permalloy bars fabricated using electron 
beam lithography was carried out by a joint team from the 
University of California at San Diego and IBM. 1,2 In that 
study, isolated bars had a fixed length of 1 /xm and a fixed 
width of 133 nm and interactive bar arrays had a fixed spac¬ 
ing with the strongest coupling along the bars’ long axis. 

In this article, we present the fabrication and investiga¬ 
tion of isolated Ni bars with a width varying from 15 to 300 
nm and interactive Ni bar arrays with a spacing varying from 
200 to 600 nm with the strongest coupling in the bars’ short 
axis. Furthermore, we report and discuss the effects of bar 
width and spacing on the switching field of these isolated 
and interactive bars. 

II. FABRICATION OF NANOMAGNETIC BAR ARRAYS 

The isolated and interactive nanomagnetic nickel bars 
were fabricated using electron-beam nanolithography and a 
lift off process. In the fabrication, a resist, polymethyl meth- 
acralate (PMMA), was first spun onto a silicon substrate. A 
high resolution electron beam lithography system with a 
beam diameter of 4 nm was used to expose bar arrays in the 
PMMA. The exposed PMMA was developed in a cellosolve 
and methanol solution to form a resist template on the sub¬ 
strate. A nickel film, 35 nm thick, was evaporated onto the 
entire sample. In the lift off, the sample was submersed in 


acetone which dissolved the PMMA tempi? s and lifted off 
the nickel on its surface, but not the nickel on the substrate. 
After fabrication, bar widths were determined using a scan¬ 
ning electron microscope (SEM) and the bar width presented 
here is the measured bar width. 

For isolated bars, the bar length was fixed at 1 /xm, but 
the bar width varied from 15 to 300 nm. The spacing be¬ 
tween isolated bars is 10 /xm. Figure 1 shows a scanning 
electron micrograph of a Ni bar with a 15 nm width. 

For interactive bar arrays, the bar width and length were 
fixed at 100 nm and 1 /xm, respectively. The spacing between 
bars along the long axis is 2 /xm, but the spacing between the 
bars along the short axis varies from 200 to 600 nm. There¬ 
fore the interaction between bars is primarily along the short 
axis, and the bar arrays can be regarded as isolated rows of 
one dimensional interactive arrays. This is very different 
from that in Ref. 1 where the bars were coupled primarily 
along the long axis. To illustrate the fabrication resolution 



FIG. 1. SEM image of a high aspect ratio isolated Ni bar that is 1 /tm long 
and 15 nm wide. 
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and uniformity, Fig. 2 shows a large array of Ni bars which 
are 200 nm long, 20 nm wide, and 150 nm apart along the 
short axis and 100 nm apart along the long axis, despite the. 
fact that such dense bar arrays were not able to be resolved in 
our magnetic force microscopy (MFM) study. 


III. MFM MEASUREMENTS 

The nanomagnetic bars were studied using a custom 
built MFM that was modified from a commercial atomic 
force microscope (AFM). The MFM was operated in ampli¬ 
tude detection mode at —200 mTorr vacuum for a high sen¬ 
sitivity. The MFM tips are the ordinary AFM cantilevers 
coated with 30 nm of cobalt and have a resonance frequency 
of 18 kHz. These soft tips give better sensitivity but poorer 
resolution than that of a harder tip. 

In measuring the switching field of the isolated bars, the 
sample was first saturated in a fixed direction along its easy 
axis using a 2000 Oe magnetic field and a MFM image was 
taken to determine its magnetization. Then a test field was 
applied in the opposite direction and returned to zero. The 
sample was examined under MFM again to see if its magne¬ 
tization flipped. If the bar flipped, a smaller test field was 
applied in next measuring cycle, otherwise a large field was 
applied. This process continued until the switching field of a 
nickel bar was located within 10 Oe. 


IV. DATA AND ANALYSIS 
A. Isolated bars 

Before the isolated bars were put into any magnetic field, 
MFM images of the sample were taken. These images 
showed that for bars of a width smaller than 150 nm, the 
virgin magnetic state is single domain with magnetization 
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along the direction of its easy (i.e., long) axis; and the bars of 
wider width are multidomain. A MFM image of a 100 nm 
wide isolated bar is shown in Fig. 3. 

It was found that the magnetization switching field of an 
isolated bar is a strong function of width, as shown in Fig. 4. 
The switching field first increases with decreasing bar width, 
reaches a maximum switching field of 740 Oe at a bar width 
of 55 nm, then decreases with further reduction of the bar 
width. The initial increase in the switching field is because 
the bar is changing from multidomain to single domain. The 
later decrease is likely due to the fact that thermal energy 
becomes comparable to magnetization switching energy. 4 

Compared to the study in Ref. 2, where the permalloy 
bars of a width 133 nm had a switching field greater than 400 
Oe, the Ni bar with the same width studied here has a switch¬ 
ing field about 100 Oe less. This could be due to two reasons. 
First, nickel film on Si surface has significant stress, so there 
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FIG. 4. Switching field of isolated bars vs bar width The maximum switch¬ 
ing field is 740 Oe for 55 nm wide bars. The bars arc 1 /rm long and actual 
bar width was measured using SEM 
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FIG. 5. MFM image of one-dimensional interactive bar arrays with 400 nm 
spacing. 



FIG. 6. Percentage of bars that switched vs the applied magnetic field for 
interactive bars with a spacing along the short axis of 200,400, and 600 nm. 

neighbor bars increases and will help a bar to flip. Third, the 
broadness of the switching field distribution is about 100 Oe 
which is due to bar interaction as well as size variations. 


may be a magnetostriction effect which decreases the net 
anisotropy. Second, Ni has strong crystalline anisotropy but 
permalloy does not. 

The critical width for superparamagnetism can be esti¬ 
mated from the switching field vs size curve. The switching 
field of a particle of volume V , can be described by the 
equation h a -l-{V p /V) 05 , where h cl is reduced coercivity 
and V p is the volume below which the particle is superpara- 
magnetic. The equation can be rewritten in terms of the bar 
width W:/i c , = 1—(W^^/W) 0 5 . By fitting the switching field of 
the bars with a width smaller than 55 nm, W p is found to be 
18 nm. 

B. Interactive nanomagnetic bars 

The interactive bar arrays that were studied using MFM 
have a bar width of 100 nm and a spacing between bars of 
0.2, 0.4, and 0.6 /izm, respectively, along the short axis. Fig¬ 
ure 5 shows a MFM image of these bar arrays. The switching 
field distribution was measured and is shown in Fig. 6. In 
this measurement, an average of about 30 bars were counted 
for each data point and the bars at the end of each row were 
not counted. Figure 6 shows three facts. First, the smaller the 
spacing, the smaller the switching field. The switching field 
for 100 nm wide isolated bar is 300 Oe. But due to interac¬ 
tion, the mean value of switching field (i.e., the field at which 
50% of bars can flip) is 205, 232, and 260 Oe for a spacing 
of 0.2, 0.4, and 0.6 fj.m, respectively. Second, the switching 
field decreases with the reduction of spacing at a rate 15 Oe 
per 100 nm. This behavior is due to the fact that as the 
spacing decreases, the demagnetization field generated by 


V. CONCLUSION 

We have fabricated nanoscale isolated magnetic bars 
with different bar widths as well as interactive bar arrays 
with different spacing. 5 The switching field was measured 
using MFM. The SEM micrographs show that these Ni bars 
have good uniformity and very high aspect ratio. The MFM 
studies show that bars with a width smaller than 150 nm 
were single domain and the switching field depends strongly 
on the width (therefore the aspect ratio) of the bar. The 
switching field of the isolated bars first increases with de¬ 
creasing bar width, then reaches the maximum switching 
field of 740 Oe with 55 nm wide bars, and afterwards de¬ 
creases with further reduction of bar width. The switching 
field of interactive bars decreases almost linearly with the 
reduction of spacing. The broadness of switching field distri¬ 
bution for interactive bar arrays is 100 Oe. 
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Susceptibility and high field magnetization have been measured for Y(CO] _ Ar M x ) 2 (M=A1, Fe, and 
Ni). YCo 2 exhibits a metamagnetic transition at 69 T. Ni doping in YCo 2 increases the critical field 
(B c ), while Fe doping decreases it. These changes can be elucidated with the band picture of 
metamagnetism. B c of YCo 2 exhibits a positive shift proportional to the square of temperature. In 
the paramagnetic region of Y(Coj_ x A 1J 2 with x =50.11, the susceptibility is enhanced with A1 and 
a sharp metamagnetic transition with lower B c is observed. The susceptibility becomes maximum at 
a finite temperature r max . B c in the ground state is proportional to T mm . These experimental results 
are discussed with a new theory based on a spin fluctuation model. The susceptibility and the 
metamagnetic transition are found to be very sensitive to pressure. 


I. INTRODUCTION 

Ultrahigh magnetic fields over 100 T are now available 
for fundamental research on magnetism. One of the most 
interesting subjects in ultrahigh magnetic fields is itinerant 
electron metamagnetism, that is, a first-order field-induced 
transition from the paramagnetic to the ferromagnetic state in 
a d-electron system. Since this phenomenon was predicted to 
occur by Wohlfarth and Rhodes, 1 many theoretical and ex¬ 
perimental studies have been made to elucidate it. 

We have systematically studied the magnetization pro¬ 
cess of various Co-based Laves phase compounds in mag¬ 
netic fields up to 120 T. We observed clear metamagnetic 
transitions in Y(Co,Al) 2 (Refs. 2 and 3), Y(Co,Fe) 2 (Ref. 4), 
Sc(Co,Al) 2 (Ref. 5), Lu(Co,Al) 2 (Refs. 6 and 7), Lu(Co,Sn) 2 
(Ref. 8), Lu(Co,Si) 2 (Ref. 9), Lu(Co,Ga) 2 (Ref. 10), YCo 2 
(Refs. 11 and 12), and LuCo 2 . 12 Adachi et al. found a meta¬ 
magnetic transition in the paramagnetic pyrite Co(S,Se) 2 . 13 

All of the above compounds have characteristics of a 
strongly exchange-enhanced Pauli paramagnet: the electronic 
specific heat coefficient and the magnetic susceptibility are 
very large. Moreover, the temperature dependence of suscep¬ 
tibility x(T) is anomalous: x(T) increases with temperature 
and then decreases through a maximum at a finite tempera¬ 
ture 7’=r max . These facts suggest that the itinerant electron 
metamagnetism and the appearance of a maximum in x(T) 
come from the same origin. Itinerant metamagnetism is con¬ 
sidered to originate from a special shape of the density-of- 
states (DOS) curve for a d-electron system in the vicinity of 
the Fermi level. 1 On the other hand, the origin of the unusual 
behavior of x(T) observed in a strongly exchange-enhanced 
paramagnet is not well understood. However, the above facts 


imply that the behavior of x(T) also originates from the spe¬ 
cial shape of the DOS. 

Thermodynamical properties of an itinerant electron 
magnet are dominated by the effect of spin fluctuations. In 
fact, magnetic properties of a weakly ferromagnetic metal at 
finite temperatures are successfully elucidated with the spin- 
fluctuation theory developed by Moriya. 14 However, the re¬ 
lation between the temperature dependence of susceptibility 
for an exchange-enhanced paramagnet with metamagnetism 
and its magnetization process remains unknown. 

In the present study, we have studied the magnetization 
process and susceptibility for a typical metamagnetic com¬ 
pound YCo 2 and pseudobinary systems Y(Co!_ x M x ) 2 (M 
=Al, Fe, and Ni) to clarify the origin of the transition and 
the anomaly of x(T)- The metamagnetic transition is ex¬ 
pected to be very sensitive to pressure. 15 We have also ex¬ 
amined the effect of pressure on the magnetization process 
and the susceptibility of the Lu(Co, _ t Ga t ) 2 system. 

II. EXPERIMENTAL PROCEDURE 

The Laves phase compounds Y(Coj_ x M x ) 2 (M==A1, Fe, 
and Ni) and L^Co^Ga*)! were prepared by arc melting in 
an argon atmosphere, followed by annealing at 900-950 °C 
for a week. All the specimens are confined to be single phase 
with the cubic Laves phase structure by x-ray diffraction. 
The obtained ingots were powdered for magnetic measure¬ 
ments. 

High magnetic fields up to 42 T were produced using a 
wire-wound puls; magnet with a duration time of about 10 
ms. Ultrahigh magnetic fields up to 120 T were generated by 
means of a fast capacitor discharge into a single-turn coil 
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with a 100 kJ capacitor bank. Duration time of the pulse field 
is about 7 (jls. 

The magnetization in pulsed high and ultrahigh magnetic 
fields was measured using an induction method with a set of 
compensated pickup coils. For the magnetization measure¬ 
ment in ultrahigh magnetic fields, the powder sample was 
molded into a rod of 1.5 mm diameter and 5 mm length with 
epoxy resin (Stycast #1266) to avoid an eddy current effect. 
The magnetization under high pressure was measured using 
an extraction-type magnetometer, with a high pressure clamp 
cell made of Cu-Ti alloy, in steady magnetic fields up to 7 T. 
The specific heat was measured at low temperatures in mag¬ 
netic fields of 0, 6, 10, and 14.6 T using a conventional heat 
pulse method with a mechanical heat switch. The tempera¬ 
ture was measured with a carbon-glass resistor thermometer 
calibrated in magnetic fields. 

III. RESULTS AND DISCUSSION 

First we show the magnetization of YCo 2 (Refs. 11 and 
12) and LuCo 2 (Ref. 12) at low temperatures in ultrahigh 
magnetic fields up to about 100 T. Sharp metamagnetic tran¬ 
sitions can clearly be seen around 70 T with small hysteresis. 
In ScCo 2 , however, we could not find a transition up to 120 
T. The critical field of the transition in the ground state (B c0 ) 
is determined to be 69 T for YCo 2 and 74 T for LuCo 2 . Here, 
we define B c0 from the average of two positions at which the 
differential susceptibility dM/dB becomes maximum in the 
increasing and decreasing field scans. The values of magne¬ 
tization in the paramagnetic and ferromagnetic phases at B c0 
are 0.17 and 0.44 /i, fl /Co for YCo 2 , and 0.15 and 0.64 /i H /Co 
for LuCo 2 . The magnetization jump due to the transition is 
AAf = 0.27 fi B /Co for YCo 2 , which is apparently smaller 
than AM = 0.49 fi B /Co for LuCo 2 . The high field suscepti¬ 
bility for both compounds is still large in the ferromagnetic 
phase. This indicates that the magnetization is not com¬ 
pletely saturated by the metamagnetic transition. 

Yamada eta/. 16 estimated the magnetization in the 
ground state as a function of magnetic field for ScCo 2 , 
YCo 2 , and LuCo 2 by calculating the electronic structure of 
d-electrons in magnetic fields. They assumed that the volume 
does not change in magnetic fields. The calculated magneti¬ 
zation process exhibits an itinerant metamagnetic transition 
at 120, 89, and 94 for ScCo 2 , YCo 2 , and LuCo 2 , respec¬ 
tively. A sharp peak being just below the Fermi level in DOS 
plays an important role in these transitions. The peak comes 
mainly from the d component of Co atoms. As the external 
field is increased, the Fermi level for the minority spin band 
approaches the peak of DOS and eventually a transition to a 
larger moment state occurs at a certain field. The estimated 
B cQ for YCo 2 and LuCo 2 is larger by 20 T than the observed 
ones. Yamada and Shimizu 15 have suggested that a magneto¬ 
volume effect reduces the value of B c0 . The reduction is 
roughly evaluated to be -13 T for YCo 2 . The evaluated B c0 
becomes very close to the observed one by considering the 
magnetovolume effect. 

In order to get further information to support the band 
picture for the observed metamagnetic transition, we exam¬ 
ined the change of B c0 produced by the shift of the Fermi 
level. 17 A small amount of 3d transition metals Fe and Ni are 



FIG. 1. Magnetization process for YCo, and LuCo 2 in ultrahigh magnetic 
fields up to 100 T. 


substituted for Co in YCo 2 . Fe substitution shifts the Fermi 
level to the lower energy side, while the Ni substitution shifts 
it to the higher energy side. 

As an example, we show in Fig. 2 the dM/dB curve of 
Y^o^Ni*)? in an increasing field scan. The B cQ of YCo 2 
obtained in this study is 72 T, which is slightly higher than 
that shown in Fig. 1. The position of B c0 rapidly moves to 
the higher field side with increasing Ni content. In addition 
to the movement of B c0 , significant broadening of the tran- 


1 ■ ’ i tT’ -’-' - ' T 
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Magnetic Field (T) 

FIG. 2. Differential susceptibility dM/dB of YtCo^Ni,^ measured in an 
increasing field scan. 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Goto et al. 6683 






76 



FIG. 3. Concentration dependence of the critical field for the substituted 
compounds Y(Coi_ t M I ) 2 (M=Fe, Ni, and Fe 05 Ni 05 ). 
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sition becomes apparent in the concentration region of 
*>0.015. 

The values of B c0 obtained for Y(Coi_ x NiJ 2 and 
Y(Co I __ r Fe^.) 2 are plotted in Fig. 3. Ni substitution results in 
a linear increase of B c0 in the investigated concentration re¬ 
gion *=50.03. In the case of Fe substitution, on the other 
hand, B c0 decreases. The observed change of B c0 due to Ni 
and Fe substitution can easily be understood with the band 
model of metamagnetism. Since excess rf-electrons produced 
by Ni substitution increase the distance between the Fermi 
level and the peak position of DOS, the condition for the 
metamagnetic transition is satisfied at a higher field. On the 
contrary, a decrease of B c is expected by Fe substitution. The 
change of B c can qualitatively be explained with a simple 
rigid band model. However, the magnitude of the observed 
change in B c is apparently different for these two systems. 
We obtain \dB c0 /dx] = 7.2 T/%Ni for Ni substitution and 
\dB c0 /dx\ = 4.5 T/%Fe for Fe substitution. This fact seems 



FIG. 4. Differential susceptibility dMIdB of YC 02 for several temperatures 
measured in an increasing field scan. 


FIG. 5. Critical field of YCo 2 in an increasing field scan as a function of 
temperature. 


to be contradictory to the rigid band model, in which sym¬ 
metrical changes are expected at least for small doping. In 
the case of simultaneous doping with equal amounts of Fe 
and Ni, no change of B c0 is expected from the model. How¬ 
ever, an appreciable increase of 2Tis observed for*=2% in 
Y(CO) _^(Fe 05 Ni 05 )J 2 as shown in Fig. 3. It should be noted 
that the volume change due to the substitution is negligibly 
small and gives no effect to B c0 . A theoretical study on the 
change of B c0 due to the substitution is now in progress. 

At finite temperatures, spin fluctuations are excited in a 
metamagnetic compound. The metamagnetic transition is af¬ 
fected by the spin fluctuations. Figure 4 shows the dM/dB 
curve of YCo 2 at several temperatures for an increasing field 
scan. The metamagnetic transition is very sharp at low tem¬ 
peratures, but it broadens rapidly with increasing tempera¬ 
ture. We determine the temperature, at which the first-order 
metamagnetic transition becomes second order (hysteresis in 
the magnetization curve disappears), as T 0 =100±10 K. The 
critical field B C (T) shows a positive shift proportional to T 2 
at low temperatures, as shown in Fig. 5. 

In RCo 2 (Rimagnetic rare-earth element) compounds, 
the Co site is exposed to an exchange field from the R sub¬ 
lattice, As the temperature decreases, ferromagnetic or ferri- 
magnetic ordering is realized in RCo 2 and is accompanied 
with a metamagnetic transition of the d-electron system (ihe 
Co sublattice). The Curie temperature T c corresponds to the 
metamagnetic transition point. If T c is lower than T 0 , the 
magnetic transition of RCo 2 should be first order. In fact, the 
transitions of ErCo 2 (T c =30 K) and HoCo 2 (T c =76 K) are 
first order and those of TbCo 2 (T c =232 K) and GdCo 2 
(T c =405 K) are second order. 18 

The positive shift of B C (T) suggests that the entropy of 
the d-electron system is reduced by the metamagnetic tran¬ 
sition. The entropy reduction comes from the suppression of 
spin fluctuations by the transition, leading to a decrease in 
the coefficient y for the electronic specific heat. Here, we 
evaluate the decrease of y from the temperature dependence 
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Magnetic Field (T,i 

FIG. 6. Magnetization and y value for Lu(Co 091 Gao W ) 2 as a function of 
field. 

of the critical field. On the first-order phase boundary, the 
Clausius-Clapeyron relation is satisfied 

dH e (T) AS 

dT AAT W 

where AS and A M are changes in entropy and magnetization 

across the phase boundary. Since H C {T) [=B c (T)lp. 0 \ is 
proportional to T 2 , AS is proportional to T. This indicates 
that y is discontinuously decreased by the metamagnetic 
transition. Using the experimental values of 

dBJdT =1.85 X 1(T 3 T/K 2 and AM=0.27 /z B /Co, we ob¬ 
tain the decrease of y for YCo 2 , Ay=-ll mJ/K 2 mol. 

In order to confirm directly the reduction of y caused by 
the metamagnetic transition, we measured the specific heat 
of Lu(Co 0 . 9 iGa 0 09 )2 with low B c0 in steady magnetic fields. 8 
Figure 6 shows the specific heat together with the magneti¬ 
zation as a function of magnetic field. The y value, which is 
35.5 mJ/K 2 mol in zero field, decreases during the metamag¬ 
netic transition and becomes 25 mJ/K 2 mol in the ferromag¬ 
netic state. The decrease of y due to the transition, Ay= 
-10.5 mJ/K 2 mol, is consistent with that estimated from 
B C (T) of YCo 2 . 

The resistivity of the metamagnetic compounds YCo 2 , 
LuCo 2 , and ScCo 2 shows a temperature dependence of 
p(T) = p 0 +AT 2 at low temperatures. 19 The coefficients A 
and y for these compounds are very large compared with 
isostructural compounds with small susceptibility, such as 
ZrCo 2 and HfCo 2 . Baranov era/. 19 have found that YCo 2 , 
LuCo 2 , and ScCo 2 satisfy the Kadowaki-Woods relation 
(Ref. 20), Aly- 1.0X 10~ 5 p£l cm(Kmol/mJ) 2 , as well as 
heavy fermion compounds. This relation can be explained in 
terms of spin fluctuation theory. 21 These results indicate that 
the resistivity of metamagnetic compounds is dominated by 
spin fluctuations. In RCo 2 the resistivity is also very large 
above T c , but it is abruptly reduced at T c . 22 The abrupt 
reduction mainly comes from the suppression of spin fluc¬ 
tuations due to the metamagnetic transition, as suggested by 
the decrease of y observed in YCo 2 and Lu(Co 091 Gaoo 9 ) 2 . 
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Temperature (K) 

FIG. 7, Temperature dependence of susceptibility for Y(Co,_ I A! i ) 2 . Small 
arrows indicate the position of T mlx . 

As already described in the introduction, we have found 
the fact that every metamagnetic compound has a maximum 
in x(T). We examined the relation between the susceptibility 
and the magnetization process using the Y(Co,__ r Al Jt ) 2 
system. 3 We show x(T) for this system in Fig. 7. x(T) of 
YCo 2 increases with temperature and becomes maximum 
around 240 K. At higher temperature it obeys a Curie-Weiss 
law. With increasing x, *(0) is more enhanced. Compounds 
with x *5 0.11 exhibit behavior typical of a strongly exchange- 
enhanced paramagnet like YCo 2 . Above x=0.12, the com¬ 
pound becomes weakly ferromagnetic. 23 The temperature at 



FIG. 8. Values of B c0 and T m „ for Y(Co 1 . x Al i ) 2 as a function of at. x c 
indicates the critical concentration tor the onset of ferromagnetism. 
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Magnetic Field (T) 

FIG. 9. Low temperature magnetization process of Y(Coi_ i Al I ) 2 . 

which the susceptibility becomes maximum, T max , decreases 
rapidly in accordance with the enhancement of *(0). The 
concentration dependence of T mM is indicated in Fig. 8. 7" max 
systematically decreases as x increases. 

Figure 9 shows the low temperature magnetization of the 
Y(Coi_ x A 1 x ) 2 system. 3 All the compounds with jc=s 0.09 ex¬ 
hibit sharp metamagnetic transitions. The critical field B c0 is 
plotted together with T max in Fig. ?. B c0 decreases nearly 
linearly with increasing x. Above jc =0.08, however, B c0 ex¬ 
hibits an anomalous change. In the weakly ferromagnetic 
phase 0.12s£x<0.15, ferromagnetism and metamagnetism 
coexist. This may come from heterogeneity of the system. 
The critical concentration, at which the critical field becomes 
zero, is estimated to be jc c = 0.12 from the x dependence of 
B c0 in the concentration range jc*s 0.08. This * c coincides 
with the onset of ferromagnetism. It should be noted that the 
concentration dependence of B c0 is very similar to that of 
T max . We clot B c0 against T mm in Fig. 10. In the 



Tmax (K) 


FIG. 10. Critical field B c0 vs T mu for YtCo^Al^. 
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Y(Coj _ jr Al x .) 2 system, a simple linear relation 
B c0 IT max =Q.29 T/K is satisfied. Similar relations are found 
in some pseudobinary systems such as Lu(Co 1 _ x A 1 x .) 2 , 7 and 
Hf(Co 1 .. t Fe x ) 2 . 24 These facts suggest that the appearance of 
a maximum in x(T) is strongly related to the occurrence of 
metamagnetism and both phenomena have the same origin: 
the susceptibility maximum is also associated with a special 
shape of the DOS curve in the vicinity of the Fermi level. 

Recently, Yamada 25 developed a theory of the itinerant 
electron metamagnetism at finite temperatures based on the 
spin fluctuation model. Characteristics of the itinerant meta¬ 
magnet at finite temperatures are examined by the theory. 
The equation of state for the itinerant system is written in the 
ground state as 

H(M)=aM+bM 3 +cM 5 , (2) 

where a is the inverse susceptibility. The coefficients b and c 
are expressed in terms of the density of states and its deriva¬ 
tives at the Fermi level. The condition for the occurrence of 
a metamagnetic transition 26 is given by 

3 ac 9 

a>0, b< 0, c>0, and i6 <m j? < 2Q' < 3 ) 

At finite temperatures, the coefficients are renormalized by 
thermal spin fluctuations. The coefficient a is transformed 
into 

A(T)=x(T)~ l = a + l b£ p (T) 2 +f c£ p (T)\ (4) 

where £ p (T) 2 is the thermal average of the square of the 
fluctuating magnetic moment in the paramagnetic state. 
(; p (T) 2 is a monotonically increasing function and is propor¬ 
tional to T 2 at low temperatures. Under the condition (3), the 
susceptibility *(7’) S= A(7’) -1 has a maximum at a finite tem¬ 
perature T = T max due to thermal excitation of spin fluctua¬ 
tions. This means that both the metamagnetic transition and 
the maximum of x(T) originate from the electronic structure 
of d electrons. The temperature dependence of the critical 
field is expressed as 

B c (T)=B c o+a^ p (T) 2 , (5) 

where a is a function of b and c. This indicates that B C (T) is 
increased by the effect of spin fluctuations, consistent with 
the observed B C (T) for YCo 2 . The linear relation between 
B C (T) and jT raax , /J c0 /7' max =const, is derived by the theory. 
This is also consistent with the relation between B c0 and 
T max observed in the Y(Co,_ x A 1 x ) 2 system. Moreover, the 
temperature T 0 , at which the first-order metamagnetic tran¬ 
sition disappears, can be estimated using the experimental 
values of T max and ^(0)/^(T ma x)- The estimated 7 0 is 104 K 
for YCo 2 with F max =240 K and x(0)/*(7’ max )=0.50. This 
value is in good agreement with the experimental result of 
r o =100±10 K. The observed characteristics of the itinerant 
metamagnet are successfully elucidated with this theory 
based on the spin fluctuation model. 

Finally, we show the pressure effect on the magnetiza¬ 
tion process and the susceptibility of Lu(CO]_ x Ga x ) 2 . Itiner¬ 
ant metamagnetism is expected to be very sensitive to high 
pressure since it comes from the shape of the DOS curve in 
the vicinity of the Fermi level. Figure 11 shows the pressure 
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FIG. 11. Pressure effect on the magnetization process of Lu(Co og8 Gao !2 ) 2 at 
4.2 K. 

dependence of the magnetization process for 
Lu(Co 0 88 Gao 12 )2 at 4.2 K. This compound shows ferromag¬ 
netic behavior at 0 kbar. With increasing pressure, a meta- 
magnetic transition appears and the critical field increases 
linearly. We obtain dB c0 ldP= 1.0 T/kbar. The DOS curve of 
LuCo 2 also has a sharp peak just below the Fermi level, 
which gives the metamagnetism. 16 In the Lu(Co, _ x Ga x ) 2 
system, the peak becomes very broad due to hybridization 
between ',o d and Ga p bands and the peak position ap¬ 
proaches the Fermi level. 27 This may cause the decrease of 
the critical field in the Ga-substituted system. The applica¬ 
tion of high pressure increases the band width and the dis¬ 
tance between the Fermi level and the peak position. These 
effects increase the critical field. 

Figure 12 shows the temperature dependence of suscep¬ 
tibility for Lu(Co 092 Ga 008 ) 2 at high pressures. The applica¬ 
tion of pressure decreases the susceptibility and increases 
T max . We obtain dT mi JdP-2 .1 K/kbar. According to Ya- 
mada’s theory, T 2 miX is proportional to the inverse of y(O). 25 



T(K) 


FIG. 12. Pressure effect on the susceptibility of Lu(Co 091 Ga 008 ) 2 - Arrows 
indicate the position of T mix . 


The observed increase of T max indicates that the pressure 
effect decreases both DOS at the Fermi level and the en¬ 
hancement factor. The large reduction of ^(T max ) suggests 
that the spin fluctuations are much suppressed by the appli¬ 
cation of pressure. In the present study we cannot determine 
the relation between B c0 (P) and J max (P) under high pres¬ 
sure with the same sample. However, the simple relation 
Bco(P)/T max (P)=const may be satisfied. 

In conclusion, we have successfully observed metamag- 
netic transitions in YCo 2 and LuCo 2 at B c0 = 69 and 74 T. 
The change of B c0 due to Ni and Fe doping in YCo 2 suggests 
that the transition originates from a special shape of the DOS 
curve around the Fermi level. B C (T) of YCo 2 shows a posi¬ 
tive shift proportional to T 2 at low temperatures. In the 
Y(Co 1 _ x Al x ) 2 system, we have found the relation 
B c0 /T max =c °nst. These experimental results can be ex¬ 
plained by theory based on a spin fluctuation model. We have 
observed the suppression of spin fluctuations due to meta- 
magnetic transition. The metamagnetic transition an i suscep¬ 
tibility are sensitively changed by pressure. 
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Local and nonlocal density functional studies of FeCr 

David J. Singh 

Complex Systems Theory Branch, Naval Research Laboratory, Washington, DC 20375 

Local spin density approximation and generalized gradient approximation calculations are reported 
for ferromagnetic B2 FeCr. Both shear elastic constants are found to be positive, indicating 
metastability of the B2 stmcture. Both the moments of the Fe and Cr layers are ferromagnetically 
aligned, with the Fe moment being considerably depressed. This is in contrast to the behavior for 
thicker films. The evolution of the behavior as a function of the layer thickness is addressed using 
supercell calculations. It is found that Fe monolayers in bcc Cr are ferromagnetically aligned with 
the neighboring Cr moments, while thicker Fe layers are antiferromagnetically aligned with the 
adjacent Cr layers. 


INTRODUCTION 

Fe/Cr multilayers have become the focus of intense in¬ 
vestigation over the past few years in part because of the 
discovery of oscillatory interlayer coupling and giant magne¬ 
toresistance (GMR) in this system. Although CsCl (B 2) 
structure FeCr does not exist in the Fe-Cr phase diagram, 1 
the system is of interest not only because of the possibility of 
growing it layer by layer with molecular beam epitaxy 
(MBE) but also because it may be viewed as alternating 
(001) layers of Fe and Cr, thus forming the low thickness 
limit in the Fe/Cr/Fe multilayer family. 

This article reports local spin density approximation 
(LSDA) and generalized gradient approximation (GGA) cal¬ 
culations used to investigate the electronic, magnetic, struc¬ 
tural, and elastic properties of this phase. The results are in 
general accord with an earlier LSDA linearized muffin-tin 
orbital (LMTO) calculation of the electronic structure, lattice 
parameter, and bulk modulus for this phase. 2 Enhanced 
bonding, reduced Fe moments, and an unexpected parallel 
alignment of the Fe and Cr spins is found. This alignment is 
opposite to that observed in multilayers. Calculations were 
performed for several multilayers with different Fe and Cr 
layer thicknesses in order to understand the parallel align¬ 
ment and the regime in which it occurs. 


METHOD 

The present self-consistent calculations were performed 
using the general potential linearized augmented planewave 
(LAPW) method 3,4 with a local orbital extension 5 to relax the 
linearization of the 3 d bands. Unlike the LMTO calculations 
of Ref. 2, this method imposes no shape approximations on 
the charge density or potential. LAPW sphere radii of 2.25 
a.u. were used with well converged basis sets derived from 
an interstitial cutoff of 16 Ry. The Brillouin zone sampling 
were performed using a 16 3 special k-points mesh, which 
yielded 120 points in the irreducible 1/48 wedge of the 
simple cubic zone. The multilayer calculations were per¬ 
formed using a 12 3 mesh in the cubic zone which was folded 
down into the appropriate tetragonal zones. The LSDA cal¬ 
culations were performed using the Hedin-Lundqvist 6 func¬ 
tional with the von Barth-Hedin spin scaling; 7 GGA calcu¬ 
lations used the recent Perdew-Wang functional. 8 


B 2 FeCr: STRUCTURAL AND ELASTIC PROPERTIES 

Spin polarized LSDA and GGA total energy and elec¬ 
tronic structure calculations were performed for lattice pa¬ 
rameters between 5.20 and 5.45 a.u. Lattice parameters and 
bulk moduli were obtained by fitting these to the Birch equa¬ 
tion of state. This procedure yielded an LSDA lattice param¬ 
eter of 0=5.23 a.u. or 2.77 A and a bulk modulus of 297 
GPa. The present lattice parameter is 1.3% smaller than the 
5.30 a.u. obtained by Moroni and Jarlborg using the LMTO 
method, 2 while the bulk modulus is 10% larger. Converged 
LSDA calculations for 3 d magnets typically give lattice pa¬ 
rameters that are 2% to 3% smaller than experiment and bulk 
moduli that are 25% to 40% too large, even though elastic 
and other properties when calculated at the experimental lat¬ 
tice parameter are in close agreement with experiment. 9 In 
contrast GGA calculations typically yield lattice parameters 
and bulk moduli in much better agreement with experiment 
for these materials. The calculated GGA lattice parameter for 
FeCr is a=5.33 a.u. which is approximately 2% larger than 
the LSDA value, but still 2% smaller than is obtained by 
applying Vegard’s rule to bcc Fe and Cr; this suggests en¬ 
hanced bonding in FeCr. The GGA bulk modulus is 256 GPa. 
Elastic constants were calculated within the LSDA but are 
the likely more realistic GGA lattice parameter, using the 
procedure of Mehl et al. 9 This results in fairly stiff shear 
elastic constants, c 44 = 150 GPa and c n -c 12 =230 GPa. 
These large values, which suggest strong bonding, suggest 
that B 2 FeCr is a metastable phase, and therefore that this 
phase may be grown epitaxially to large thicknesses. 

B2 FeCr: ELECTRONIC AND MAGNETIC PROPERTIES 

The LSDA band structure and electronic density of states 
(DOS) are presented in Figs. 1 and 2, respectively. The 
Fermi energy falls in a peak in the majority spin DOS, per¬ 
haps related to the fact that the B 2 phase is thermodynami¬ 
cally unstable. Both the minority and majority spin d bands 
are partially occupied. The similarity of the Fe an< t Cr pro¬ 
jections of the DOS is remarkable. This reflects hybridization 
between the Fe and Cr d orbitals. This is also seen in the 
magnetic moments. At a =5.33 a.u., Fe and Cr spin moments 
of 1.21 n B and 0.61 pt B were obtained within the LSDA. The 
interstitial polarization is very small as expected. Moroni and 
Jarlborg 2 report LSDA values at their calculated lattice pa¬ 
rameter of 5.30 a.u. At that lattice parameter, I obtain mo- 
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FIG. 1. LSDA band structure of B 2 FeCr. Majority (minority) spin bands 
are denoted by heavy (light) lines. The dashed horizontal line denotes the 
Fermi energy. 

ments of 1.164 /x B and 0.635 n B for Fe and Cr, respectively. 
These values are 0.06 fi B larger for Fe and 0.05 fj. B smaller 
for Cr than for those of Ref. 2. The Cr moment is only 
slightly enhanced relative to bcc Cr, while the Fe moment is 
strongly reduced. Further, the Fe and Cr moments are aligned 
in FeCr (coincidentally the total spin moment of 1.82 fi B is 
what would be expected if the Fe and Cr moments were 



FIG. 2. Total and projected DOS of B2 FeCr. Majority (minority) spin 
contributions are shown above (beiow) the axis. The dashed vertical line 
denotes the Fermi energy. 



FIG. 3. Total and projected spin magnetization in n B per formula unit vs 
lattice parameter for B 2 FeCr. 

antiparallel and were close to their bulk elemental values). 
This is in sharp contrast to what is known about the interface 
between thicker Fe and Cr layers where the Fe and Cr mo¬ 
ments are antiparallel. 10,11 As shown in Fig. 3, the moments 
vary slowly over the entire volume range studied and in par¬ 
ticular the parallel alignment of the Fe and Cr moments per¬ 
sists. This result, which is qualitatively in accord with the 
earlier calculations of Moroni and Jarlborg 2 and also holds in 
GGA calculations, can be rationalized in terms of the elec¬ 
tronic structure. In the B2 s'uucture each Fe atom is sur¬ 
rounded by eight Cr atoms and vice versa—a favorable en¬ 
vironment for d bonding. As mentioned, the electronic 
structure shows strong Fe-Cr hybridization as reflected in the 
similar projected DOS for the two species. This similarity 
arises in three ways, a charge transfer from the Fe to the Cr 
atoms, parallel alignment of the spin moments, and a strong 
reduction in the Fe moment. Evidently, the bonding energy is 
sufficient to bring these things about in B2 FeCr. 

FeCr MULTILAYERS 

Regarding FeCr as a stack of single (001) Fe and Cr 
layers, one may consider the effects of changing the layer 
thicknesses. For thicker Fe layers, each interface Fe atom 
would be coordinated by four Cr atoms and four Fe atoms in 
the next layer, which depending on the layer thickness would 
be interior or interface Fe atoms. Similarly, one may consider 
changing the Cr layer thickness. In order to study these situ¬ 
ations, LSDA supercell calculations at the bulk Fe lattice 
parameter were performed for several such stacks, as shown 
in Table I. These are denoted as Fe„Cr M where n is the thick¬ 
ness of the Fe layers and m is the thickness of the Cr layers. 
GGA calculations, which, were performed for the stacks con¬ 
taining four and fewer layers yielded similar results but with 
larger Cr moments consistent with previous GGA calcula¬ 
tions for bulk Cr. 12 

The results show that thickening the Cr layer does not 
change the parallel interface alignment provided that the Fe 
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TABLE I. Projected spin moments in /x B /atom of Fe„Cr m (001) stacks. The 
projections are onto the LAPW spheres. The alignment of the spin moments 
is given by the sign. In cases where there are more than one inequivalent Fe 
or Cr atom, the moments are given in order of the distance from the inter¬ 
face; Fe! and are the interfacial atoms. 


n 

m 

M( Fe,) 

M( Fe^ 

M(Fe 3 ) 

W(Cr,) 

M(CtJ 

i 

i 

1.36 



0.52 

... 

i 

3 

1.33 


... 

0.30 

-0.27 

2 

1 

2.09 



-0.41 


3 

1 

1.92 

2.49 


-0.35 


5 

1 

1.99 

2.44 

2.36 

-0.42 



remains a single atomic layer thick. In fact, the Fe spin mo¬ 
ment changes little when additional Cr layers are added. The 
Cr layers are, however, antiferromagnetically aligned with 
neighboring Cr atoms as expected, and a reduction in the 
interfacial Cr moment is found when the Cr layer is thick¬ 
ened. On the other hand, adding even a single Fe layer leads 
to a reversal of the interfacial alignment and an increase in 
the Fe moment to near the bulk Fe value, which persists as 
additional Fe layers are added. Thus parallel alignment of the 
interfacial moments in Fe-Cr multilayers is dependent on 
having single atomic layer thick Fe layers so that each Fe 
atom is coordinated by eight Cr atoms. This prediction may 
perhaps be verified experimentally by growing, with MBE, a 
single atomic layer of Fe between two Cr layers and measur¬ 
ing the alignment of the Fe moment with its Cr neighbors. 

CONCLUSIONS 

Total energy and electronic structure calculations have 
been reported for B 2 FeCr and for Fe-Cr multilayers. It is 
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found that FeCr is elastically stable and is likely a metastable 
phase. A parallel alignment of the Fe and Cr moments is 
found; this may be understood in terms of strong hybridiza¬ 
tion apparent in the electronic structure. Calculations for 
Fe-Cr multilayers show that the interfacial Fe and Cr mo¬ 
ments remain antiparallel, except in the case when the Fe is 
a single atomic layer thick, in which case a novel parallel 
alignment is found. 
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Temperature-dependent electronic structure and ferromagnetism 
of bcc iron 
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Humboldt-Universitat, Lehrstuhl Festkorpertheorie, Invalidenstrasse 110, 10115 Berlin, Germany 

A. Vega 

Departamento de Fisica Tedrica, Universidad de Valladolid, 47011 Valladolid, Spain 

The influence of electron correlations on the temperature dependence of the electronic structure of 
ferromagnetic bcc iron is investigated by the use of a many-body evaluation of a generalized model 
of magnetism. The one-particle part of the model Hamiltonian is taken from an LDA band-structure 
calculation. The model contains only two parameters, an intraband Coulomb interaction U, and an 
interband exchange 7. With £7=1.8 eV and 7=0.2 eV the self-consistent model solution yields a 
T=0 moment of about 2.04 fi B and an exact Curie temperature of 1044 K. Details of the magnetic 
behavior of Fe can be traced back to a striking temperature variation of the quasiparticle density of 
states. Topical differences in the magnetic behavior of Fe and Ni are worked out. 


I. INTRODUCTION 

Decisive features of band ferromagnets like Fe, Co, and 
Ni can be traced back to electron-correlation effects in the 
relatively narrow 3 d subbands, which only weakly hybridize 
with the 4s and 4 p bands. The Fe valence band contains 
eight electrons, about seven of them have predominantly d 
character. Current state-of-the-art band structure calculations 
within the “local spin density approach” (LSDA) are ahe to 
account for ground state properties of Fe quite reasonably. 
However, up to now a convincing theory does not exist for 
the temperature-dependent electronic structure, from which 
magnetic key quantities, such as the Curie temperature, the 
magnetization curve, and the exchange splittings can be de¬ 
rived. 


II. THEORETICAL MODEL 

Although prototypical magnetic materials like Fe, Co, 
Ni, Gd, EuO, NiO,..., belong to rather different classes of 
magnetism, they should be describable by one and the same 
theoretical model and by use of very similar approaches to 
the sophisticated many-body problem. Our model Hamil¬ 
tonian 

H=H 0 +H t (1) 

has already been applied in preliminary works to some of the 
above-mentioned materials. 1 ' 3 The single-particle part reads 

ijm<r km<r 

The indices i,j mark the lattice sites and a marks the spin 
projection. In the case of Fe the band index m runs over the 
3d subbands. It is commonly accepted that the important 
aspects of band ferromagnetism are sufficiently well ac¬ 
counted for by intraatomic direct (U mm ') and exchange 
(7 mm ') terms only. These terms can be rearranged in the 
following illustrative way: 2 

H^Hy+Hj+HO- (3) 


Hy is an intraband Coulomb interaction of Hubbard-type 
(£/ mm +7 mm ->£7 Vm) 

n ma n m - 0 . (4) 

im<r 

The second term is an interband exchange interaction 
(J mm 1 —7 Vmi=m'), which has exactly the same structure as 
the interaction part of the sf(sd) model 


(5) 

i,m 

cr m is the electron spin operator [cr,^ = c, + mt c, ml , 
cr tm~ c iml c im] > rfm~ ^im i® a fictitious 

spin, “seen” by an electron from subband m and built up by 
electron spins from all the other subbands 

$im~ 2 m'■ ( 6 ) 

m' 


The third term in Eq. (3) is a spin-independent direct Cou¬ 
lomb interaction between electrons from different subbands 


(U=0,5(U mm '-0,5J mm ') Vm-tm') 


j m^m 1 

h u =2 n m n im ,; 



a 


(7) 


Since there is no direct spin dependence in H(j, this partial 
Hamiltonian will not execute a direct influence on typical 
magnetic phenomena. We therefore neglect it in the treat¬ 
ment of Fe. 

We believe that H x contains all the interactions which 
are vital for the magnetic correlations and the temperature 
dependence of the electronic structure. For a realistic com¬ 
parison to experimental data, however, we have to reintro¬ 
duce the influence of all the other interactions by a proper 
renormalization of the single-particle energies. This is done 
by an LSDA-band-structure calculation. 

em (k)-> e if DA (k). (8) 
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We perform this LSDA calculation along the line given in 
Ref. 4, for paramagnetic Fe in order to avoid a double count¬ 
ing of the magnetic interactions which are already covered 
by the model-Hamiltonian part H x . A more detailed justifi¬ 
cation is given in Ref. 7. Starting from an s,p,d basis we 
pick out the five eigenstates with highest d character and 
number them according to increasing single-particle energy 
by /« = 1,2,...,5 [e,(k)s£"-*£s 5 (k)]. The energies e m (k) for all 
k from the first Brillouin zone form the with subband. In this 
way 'he 3d band is decomposed into five nondegenerate sub¬ 
bands. 

The many-body problem posed by our model Hamil¬ 
tonian is not exactly solvable. However, the decomposition 
(3) of the interaction part can conveniently be exploited, 
since the partial operators Hu and Hj are well known from 
simpler models of magnetism. The starting point is the re¬ 
tarded one-electron Green function 

+ h 

{{cv ma \C Vma )) E - E _ g Ll>A (k) _ Skmff(£) l9) 

the formal solution of which can be written in terms of the 
fundamental self-energy Xk,,,<,(£). 

Via the definition 

<([c lw „,^];cL < r))(£)=M^ ) (£)«c kma ;c^ (r )) £ 

( 10 ) 

the self-energy parts of the full self-energy 

l ima (E) = M^ <r (E)+M^ ir (E) ( 11 ) 

may be introduced. In the next step we define “effective” 
single-particle energies 

Vml( k,£) = eif A (k) +M < £l (r (E) ( x,y = U,J ; x*y) (12) 

for an “effective medium” Hamiltonian 

^>(k;E)cL,^,+//,. (13) 

k mcr 

In general H ( * ff will be energy dependent and non-Hermitian, 
but the resulting Green function is the same as in Eq. (9). 
The advantage lies in the fact that the “effective-medium” 
Hamiltonian poses a formally simpler many-body problem 
than the “original” model Hamiltonian (1). For each x(x 
= U,J) we try to find a reasonable approach to the corre¬ 
sponding “effective” Green function. This means that for 
x = U we solv. the “Hubbard problem,” for which we use 
the self-consistent moment method from Ref. 5. For x=J 
one meets the “sf problem,” which we approximate by use 
of the moment-conserving decoupling procedure, developed 
in Ref. 4. The resulting self-energy parts 

M^l\E) = F{E- V Zi\E)-,{---)} (14) 

depend via rj on the respective other self-energy part. Fur¬ 
thermore they will contain several thermodynamic expecta¬ 
tion values, indicated in Eq. (13) by (••■). It is the main 
requirement of our procedure that all these averages can be 
represented in terms of the full self-energy, so that a closed 
set of equations is guaranteed, which can be solved self- 
consistently for the quantities of interest. 


III. RESULTS 

The two model parameters U and J have been fitted to 
get a self-consistent ferromagnetic solution with a phase 
transition of second orde- at T c , and a 7=0 magnetic mo¬ 
ment as realistic as possible ({/=1.8 eV; J=0.2 eV). In the 
same spirit we determined in Ref. 1 U and 7 for Ni. 

It turns out that the possibility of a ferromagnetic ground 
state is mainly due to the intraband Coulomb interaction U, 
while the exchange 7 influences the actual values of the mag¬ 
netic quantities. To realize ferromagnetism the coupling pa¬ 
rameter UIW m (W m : width of the mth 3d subband), the 
electron density n m (0«« m 5 s2), as well as the hole density, 
2 -n m , have to exceed certain critical values, which depend 
on the given lattice structure. Furthermore, an upper limit for 
UIW m appears, above which the magnetic phase transition is 
of first order. 5 

The ni=1,2 subbands are completely filled and therefore 
magnetically inactive. The m=3 and 5 subbands 
[h 3 (7=0) = 1.346, n 5 (7=0) =0.704] have convenient occu¬ 
pations for a ferromagnetic ground state (Fig. 1). The m= 4 
subband, however, is for all temperatures exactly half filled 
(« 4 =1, Fig. 1) and has therefore a strong tendency to anti¬ 
ferromagnetism, which competes with the ferromagnetic ten¬ 
dency of the m= 3 and 5 subbands. According to our model 
solution for bcc iron the ferromagnetism of the m j and 5 
subbands dominates and forces the in principle antiferromag¬ 
netic m =4 band by interband exchange (7) into a ferromag¬ 
netic order. So, the situation is very much more complicated 
than in Ni, where only the uppermost m =5 subband is mag¬ 
netically active, 1 because the m- 1,2,3 bands are fully occu¬ 
pied and the m= 4 band contains only very few holes. 

All magnetic properties of the band ferromagnet Fe can 
be understood as direct consequences of the temperature- 
dependent quasiparticle density of states (QDOS) 

Pm<r(£) ~ 2 I m (( c km<r > c km<r))E > U^) 

17 k 

which is plotted in Fig. 1 for four different temperatures, and 
separately for the five 3d subbands. The total QDOS is of 
course nothing else than the sum of the five partial densities. 
The T dependence of the two lowest subbands (m= 1,2) is 
exclusively due to interband exchange with the magnetically 
active m =3,4,5 subbands. In the latter two different correla¬ 
tion effects are produced by the intraband interaction U. 
There is a splitting into two quasiparticle subbands, which 
persists for all temperatures, and an additional spin splitting 
of each of these bands, which disappears for 7-»7 c . The 
latter is still enhanced by the interband exchange. The weight 
(“area”) of the lower cr-quasiparticle band scales with the 
probability for the propagating electron to find a lattice site, 
which is not preoccupied by a (-cr) electron of the same 
subband. This probability is zero for fully occupied bands. 
Therefore the m = l,2 subbands do not split. The weight of 
the upper quasiparticle subband is proportional to the prob¬ 
ability that the u electron does meet a (-cr) electron of the 
same subband. A special case is the m =4 subband, which is 
half filled and at 7=0 fully spin polarized. So a T electron 
has no chance to meet a J. electron, and a l electron, brought 
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FIG. 1. Quasiparticlc density of states (>„„ of the five 3 d subbands as a 
function of energy for four different temperatures [r=0 K: solid line; 
7=900 K; dotted line; T - 1025 K: broken line (large bars); T - 1044 
K=7 e : broken line (small bars)]. Upper halves for cr=t, lower halves for 
<7=]. Bars on the energy axis mark the chemical potential /x. 


into the system, cannot avoid a double occupancy. Conse¬ 
quently, the upper and the lower J-quasiparticle subbands 
disappear at T =0. For finite temperature collective spin ex¬ 
citations become dominant for this subband, introducing a 
spin disorder. An electron, picked out of the sample by a 
photoemission experiment, is then with finite probability a j 
electron. This causes the appearance of a lower 
|-quasiparticle band. For analogous reasons there grows out 
an upper T band for T>0. Above T c the spin asymmetry 
d,'.- pears, but the splitting into a lower and an upper sub¬ 
band persists. This explains the “noncollapsing exchange 
splitting” in the Fe band structure, observed in spin-resolved 
photoemission. 6 It is interesting to compare these features to 
the Ni spectrum. 1 In Ni only the uppermost m= 5 subband is 
partially filled, and therefore magnetically active. The first 



FIG. 2. Magnetic moment of ferromagnetic iron as a function of tempera¬ 
ture (circles). Partial contributions from the subbands are also indicated 
(m=3: stars; m= 4: triangles; m =5: crosses). 

four subbands behave like the m = 1 and 2 bands of Fe. They 
do not split, because the spectral weight of the lower quasi¬ 
particle subband is zero. Only the m =5 band shows the qua¬ 
siparticle splitting which persists for all temperatures and is 
of order U. Because [/=6 eV in Ni, the lower quasiparticle 
subband of the m=5 band lies some 6 eV below the chemi¬ 
cal potential /x and is nothing else than the famous “Ni 6 eV 
satellite.” In principle, the m- 3, 4, and 5 subbands in Fe 
exhibit the same behavior as the Ni m-5 band. Because of 
the smaller U, however, all the quasiparticle subbands are 
melting together avoiding therewith a feature which could be 
denoted as “satellite.” On the other hand, the “quasiparticle 
splitting” gives rise to a “noncollapsing” exchange splitting 
above T c . 

The T dependence of the magnetic moment, plotted in 
Fig. 2, follows directly from the respective T dependence of 
the QDOS. The model solution reproduces exactly the ex¬ 
perimental value for the Curie temperature 7’ c = 1044 K. The 
T =0 moment amounts to 2.035 ft B , being therewith only 
slightly smaller than the experimental value («=2.2 /x B ). The 
actual value of the moment d fiends sensitively on the total 
number of d electrons, which u. not uniquely established. We 
took « 3d =7.05 from Ref. 4. Another choice can slightly alter 
the calculated T =0 moment. 
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Theory for itinerant electrons in noncoliinear and incommensurate 
structured magnets (invited) 
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Itinerant-electron systems are described that can form a variety of magnetic-moment arrangements. 
These are dealt with quantitatively by using energy-band theory and the local density-functional 
approximation; the theoretical and computational basis is briefly reviewed and results are presented 
for quite general collinear and noncoliinear moment arrangements and states having 
incommensurate helical order characterized by a wave vector q. Some examples presented here are 
Fe 3 Pt-Invar, fcc-iron precipitates, and tetragonal iron. Furthermore, finite-temperature effects 
become tractable; the magnetovolume effect in Fe 3 Pt-Invar serves as an example. Finally, the 
problem of biquadratic exchange in Fe-Cr multilayers will be discussed briefly. 


I. INTRODUCTION 

This overview is intended to demonstrate how we use 
the local density-functional approximation 1,2 to do ab initio 
calculations for magnetic properties of materials possessing a 
variety of magnetic-moment arrangements like ferromagnets, 
collinear and noncoliinear antiferromagnets, and incommen¬ 
surate spiral or helical magnets. Our treatment of the elec¬ 
tronic and magnetic properties of these itinerant-electron sys¬ 
tems has grown out of a long development connected with 
the work of Korenman and Prange, Heine, Moriya, and many 
others. 3 ' 10 This is not the place to discuss the similarities and 
differences in our work compared with the many previous 
theories. Let it be said that Korenman 11 treated the vector 
nature of the magnetic moments formed by the itinerant elec¬ 
trons like we do. But unlike Korenman’s, our calculations are 
self-consistent concerning the charge and spin densities 
and—if desired—the interatomic magnetic moment arrange¬ 
ments. 

Our theory was applied previously to a number of cases 
some of which are the noncoliinear magnetic states of Mn 3 Sn 
(Ref. 12), the problem of fcc-Fe (y-Fe) (Ref. 13), the case of 
Fe 3 Pt-Invar (Ref. 14), and the problem of ThMn 2 (Ref. 15) 
which is an antiferromagnet on a frustrated lattice. 

After a brief description of the theoretical background in 
Sec. II we will highlight the problem of Fe 3 Pt-Invar in Sec. 


Ill where we point out that transverse spin fluctuations con¬ 
tribute in an essential way to the formation of the Invar 
anomaly; this leads to an understanding of the Invar effect 
that, though it relies on the existence of high-spin and low- 
spin states, does not require them to be near degenerate. Thus 
our results yield a magnetovolume anomaly without the 
somewhat artificial near degeneracy that was thought to be 
so essential in previous theories (for a review concerning the 
latter see, e.g., Refs. 16,17). In connection with the problem 
of y-Fe we will then discuss some new estimates concerning 
tetragonal Fe that is produced today by epitaxial growth. We 
will close our overview with a discussion of some new but 
preliminary results concerning the observed 18 ' 20 magnetiza¬ 
tion steps and biquadratic coupling in Fe-Cr multilayers. 

II. THEORETICAL BACKGROUND 

The Euler-Lagrange equations that minimize the total 
energy as a functional of the density matrix define an effec¬ 
tive single-particle Hamiltonian 1,2 which for spin-polarized 
electrons forming a noncoliinear magnetic order may be 
written in bispinor form as 21 

H(r)=-V 2 l + X V + (e iv ,4, p )\JLr, p )Ji{e, v ,<f> jv ). (1) 

jr 

Here U (0 lv ,<f> JV ) is the standard spin-1-rotation matrix 


cos(0^/2)exp(/ v ; „/2) sin(0 ; „/2)exp(-i0 J( ,/2)\ 

, -sin(0 K /2)exp(/^„/2) cos(0,„/2)exp(-i<^„/2)/’ 


which describes the transformation between a global and a 
local spin coordinate system to be defined subsequently. We 
use the label j to designate the unit cell and the label v the 
basis atom. The polar angles give the direction of 

the local magnetization, in Cartesian coordinates 

m,„=m„-(cos <f) JV sin d, v , sin sin 0,„, cos 0 /t ,), (3) 

with respect to a global coordinate system and 


V„(r,„) = 


«M(i>) 0 

0 


(4) 


is the spin-polarized potential of the atom at site (j v) in the 
local frame of reference. The potential is unambiguously 
given by functional derivatives of the total energy in the 
local density approximation; 12,22 it is centered at 
r „=r- t v ~Rj and is assumed to vanish outside its atomic 
sphere, The local frame of reference is defined as fol¬ 
lows; designating by p ; „ the density matrix integrated over 
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the atomic sphere Cl JV , i.e., p lv 
= /n ; „ ^ieocc i^)d 3 r, where the $(r) are solutions 

of the Schrodinger equation with the Hamiltonian given by 
Eq. (1), we define the local frame of reference by those polar 
angles for which U( , 4> ] P )p ; „U + („, 4> jv ) is diagonal. 
Strictly speaking, one should make this transformation at ev¬ 
ery point in space and Korenman et al? show what this en¬ 
tails. But we believe the essential physics is obtained by 
making an atomic-sphere approximation, thus averaging over 
the local directions in each sphere this way replacing a fine¬ 
grained mesh by a coarse-grained mesh given by the atomic 
spheres. When the polar angles are chosen to render the in¬ 
tegrated density matrix diagonal we call the angles self- 
consistent. 

The polar angles d jv and <f> IP can now be chosen to 
model any desired collinear or noncollinear moment arrange¬ 
ment. However, to guarantee translational invariance most 
general types of order require larger magnetic unit cells (su¬ 
percells) than the crystallographic (chemical) unit cell. This 
can quickly lead to an insurmountable numerical problem. 
Fortunately there exists a type of magnetic order that does 
not require such large supercells. It is a helical or spiral order 
that was, to our knowledge, first described by Herring. 2 '’ 
Here the direction of the magnetic moment of each atom in 
the unit cell rotates around the z axis with a particular wave 
vector q which is defined by specifying the polar angle:- as 
0 Jl = 8 v , <j> )V ~<f> v +q-R j. Herring introduced a generalized 
translation operator which combines a spin rotation with a 
space translation; it is constructed such that it commutes with 
the Hamiltonian forming an Abelian group, isomorphic with 
the group of ordinary space translations. Therefore a gener¬ 
alized Bloch theorem for the eigenfunctions exists which 
may be labeled by a k vector as usual. This means that for 
any choice of the vector q it is the chemical Brillouin zone 
that constitutes the domain for the k vectors to be used for 
sampling the elements of the density matrix. Details can be 
found in Refs. 23, 24, 13, and 14. 

Using the generalized Bloch theorem we expand the 
wave functions ^*(r) in terms of the atomic bispinor func¬ 
tions $*„/.„(r) in the following form: 


26-28, where the total energy, E{m), of the state having a 
magnetic moment m per unit cell is obtained from a con¬ 
strained variation. 

For a general noncollinear spin structure the constrained 
variation must be formulated as 


£({mj) = min £[m(r)] 



m(r)rf 3 r-m 



( 6 ) 


where on the left-hand side {m^J is the set of desired mo¬ 
ments at the sites (/£). On the right-hand side the vector 
parameters b,, can be treated as magnetic fields acting on the 
spin densities of the corresponding atoms. The component of 
b„ parallel to m„ stabilizes the magnitude of the moment and 
the perpendicular component counteracts the torque that is 
produced by the nondiagonal density matrix. In self- 
consistent spin arrangements the density matrix by definition 
is diagonal in the local frame of reference; thus in Eq. (6) the 
vectors m(r),m„,b,, are parallel and we may drop the vector 
symbols. These conditions apply to our calculations when we 
use planar spin spirals which are defined by 6„= 90° for all 
sites (p). 

The variation of Eq. (6) yields the Hamiltonian 


H(r) = -V 2 l + £ U + (0,•„<*„) 

)V 

x[V„(r , v ) + o*b v (r,Me jv ,(/>,„). (7) 

Here the constraining fields [b„(r ; „)=6„ inside the sphere (p) 
and zero outside] must be adjusted such that the resulting 
moments coincide with the those wanted: J n m(r)d 3 r 
= m v . We emphasize that the Hamiltonian, Eq. (7), is not 
diagonal in the spin quantum numbers, a fact that leads to 
spin-hybridized energy bands. 10,13 ' 29 Therefore the concept of 
two Fermi energies for bands with different spin indices can¬ 
not be applied here. Instead, to do the actual constrained 
calculations for noncollinear configurations one proceeds it¬ 
eratively as described in detail in Ref. 14. 


«r) = IC (lt (k)U;Wr). (5) 

vLa 

Here the coefficients C„ iff (k) are obtained by minimizing the 
expectation value of the Hamiltonian using the variational 
method and for the basis functions, 4 > k ,we employ 
augmented spherical waves (ASW) 25 defined in the local 
frame of reference; details may again be found in Refs. 13 
and 14. 

At this stage we can calculate the total energy as a func¬ 
tion of the volume and a given type of magnetic order, most 
notably of the wave vector q, whereas the value of the local 
magnetic moment normally is tl =: result of a self-consistent 
calculation. However it is advantageous to know the total 
energy, as a function of the volume, the q vector, and the 
magnetic moment (comparable to a thermodynamic poten¬ 
tial). For a ferromagnet this was achieved in the past by the 
so-called fixed-spin-moment method, see, for instance, Refs. 


III. RESULTS AND DISCUSSION 

We will begin with the case of Fe 3 Pt-Invar stating some 
very basic facts first. It crystallizes in the Cu 3 Au structure 
and is ordered such that Pt occupies the cube corners and Fe 
the face centers. The atomic-sphere approximation used in 
our calculations requires the choice of sphere radii for the 
constituents which were such that the atomic spheres were 
neutral to within about 0.2 electrons per sphere. To a good 
approximation this leads to a minimum in the total energy at 
a given volume and is found to require equal sphere radii for 
all volumes and states of magnetic order considered. 

The ground state of Fe 3 Pt is calculated to be ferromag¬ 
netic for a sphere radius, 5, of 5=2.79 a.u. possessing mag¬ 
netic moments of m ?e =2.61 p B and m P ,=0.27 . The cor¬ 

responding lattice constant is a=3.77 A which is somewhat 
larger than the experimental lattice constant of a =3.73 A . 30 
The calculated magnetic moment corresponds to m =2.07 p B 
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FIG. 1, Total energy per unit cell of Fe 3 Pt as a function of the Wigner-Seitz 
radius, 5. NM: nonmagnetic, FM: ferromagnetic, and SM: spiral magnetic. 


FIG. 2. Contours for Fe 3 Pt of the coliinear contribution to the total energy, 
E c , see Eq. (8), in mRy per unit cell. S'. Wigner-Seitz radius in atomic units 
and m: magnitude of the magnetic moment in fi B . 


per atom which is slightly smaller than the experimental 
value of m= 2.16 n B per atom quoted by Shimizu. 31 Our 
results differ somewhat from the results of previous 
calculations 32 (see also Ref. 17) in particular in the numerical 
values of the total energy difference between the ferromag¬ 
netic and nonmagnetic states, the values of the equilibrium 
lattice constant, and the equilibrium magnetic moment. This 
is so because our calculations are not relativistic in contrast 
to the older calculations where the scalar-relativistic wave 
equation (SRWE) 33 was used. In the earlier stages of these 
calculations we noticed that results for Fe 3 Pt obtained with¬ 
out relativistic corrections were closer to experimental 
ground-state properties than those obtained with the SRWE. 
We thus purposely dropped the relativistic corrections. This 
is our only justification for the approach used here. 

Continuing with the discussion of our results we find 
that spin-spiral states having 0„= 90° for all sites (j>) possess 
the lowest total energy for a wide range of volumes smaller 
than the calculated equilibrium volume. Furthermore, the 
coliinear antiferromagnetic state is higher in energy than the 
ferromagnetic state. The total energy as a function of the 
atomic-sphere radius is shown in Fig. 1 for the nonmagnetic, 
ferromagnetic, and spin-spiral states. The lowest energy for a 
wide range of volumes is obtained approximately for 
<?=0.25. This can be translated into the angle between the 
moments of two neighboring ferromagnetic planes obtaining 
about 90°. 

Numerical experiments showed that the total energy can 
be written as 

E(v,m,q) = E c {v,m) + a(v)E q (m,q). (8) 

Here a(v) is a slowly varying scaling factor which for the 
volume range investigated is a(v)—(v 0 /t>) 4 , where v 0 is the 
equilibrium volume. The first term on the right-hand side, 
E c , we may call the coliinear and the second, E q , the non- 
collinear contribution to the total energy. This empirical re¬ 
lationship greatly facilitates the discussion, so we show in 


Fig. 2 the coliinear and in Fig. 3 the noncollinear contribu¬ 
tion to the total energy. Here, from Fig. 3 we find for a giv’n 
local moment, m, the value of q corresponding to the state 
with the lowest total energy and from Fig. 2 the relevant 
value of the volume, v. Figure 3 shows that for m> 2.6 
the energy is lowest in ferromagnetic order and for m<2.6 
fi B the energy is minimized by a spin-spiral structure with 
values of q lying in the interval from 0.2 to 0.3. Note that the 


Eq (m.q) 



FIG. 3. Contours and surface for Fe 3 Pt of the noncollinear contribution to 
the total energy, E q , see Eq. (8), in mRy per unit cell, m: magnitude of the 
magnetic moment in n B and q: magnitude of the spiral vector in units of 
2ir/a along the (1,1,1) axis. 
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FIG. 4. Expansion coefficient a as a function of temperature T calculated 
for -^Fe and Fe 3 Pt; (I) using only collinear states (c) and (II) including 
collinear and noncollinear states (c+q). 


noncollinear portion of the total energy E q (m,q) has a clear 
tendency to increase for large m, see Fig. 3. In particular the 
noncollinear contribution, E q {m,q), is negative for states 
with small moments, (m<2.6 fi B ), and positive for states 
with large moments, (m> 2.6 /x B ). If we assume that the 
calculated energy surfaces are also realized at finite tempera¬ 
tures, this contribution upon heating leads to a preferable 
occupation of noncollinear states having local magnetic mo¬ 
ments smaller than the ground-state value of /n 0 =2.67 fi B . 

In Ref. 14 we described a rather simple-minded scheme 
for statistical averages showing that the excited states mod¬ 
eled above give indeed important contributions to thermody¬ 
namic properties. We do not, however, claim to have a con¬ 
sistent scheme that enables us at the present stage to compute 
thermodynamic potentials and the magnetic phase transition. 
Still, using the computed energy surfaces we calculate the 
temperature dependence of the magnetic contribution to the 
expansion coefficient, a(T), from the derivative with respect 
to the temperature of the average value of the specific vol¬ 
ume { v(t )). The calculations were done with and without 
taking into account noncollinear states and the result is 
shown in Fig. 4 which also contains results for y-Fe to be 
discussed shortly. It is seen that with the use of only collinear 
magnetic states the coefficient a(T) is positive at very low 
temperatures and nearly zero for higher temperatures. Inclu¬ 
sion of noncollinear configurations leads to a negative sign 
of a(T) over a wide temperature range; this is one of the 
most prominent effects associated with Invar. The thermal 
expansion coefficient due to magnetic effects has been ob¬ 
tained experimentally. 34 Its sign and order of magnitude are 
in agreement with our results, although the functional form, 
especially an experimental peak slightly below T c , is not 
brought out by our calculations. 

The information on the total energy of spiral structures 
can also be used for a rough estimate of both the Curie tem¬ 
perature, T c , and the spin-wave stiffness constant, D. The 
Cuue temperature T c can be estimated within the mean field 
approximation to the Heisenberg Hamiltonian. Neglecting 


the magnetic contribution of platinum, the Curie temperature 
is given by r c =7(0)(m 0 +2)/3m 0 . Here the exchange pa¬ 
rameter 7(0) is calculated by 

7(0)=n^ 1 f d 3 qAE(q), 

where A£(q)=[£(u o ,w o ,q)-£(u o ,m o ,0)]/3 is the total en¬ 
ergy per Fe atom counted from the ground state and Cl BZ is 
the volume of the Brillouin zone. Our calculations give 
T c =435 K, which is in good (probably fortuitous) agree¬ 
ment with the experimental value of ordered Fe 3 Pt, r c =430 
K. 17 We hasten to point out that we do not imply here that the 
localized-electron picture is appropriate for a description of 
the magnetovolume effects. 

To estimate the spin-wave stiffness constant D we use 
the following expression (Ref. 35): Z) = (4/m 0 ) 
Xlim 9 _ 0 A£(q)/|q| 2 , with A£(q) defined above, we obtain 
the value of D = 135 meV A 2 which should be compared 
with the value of £>=80 meV A 2 for Fe^Pt^. 17,36 

Let us now briefly turn to the case of y-Fe which was 
discussed in great detail in Ref. 13 and 14. Here it suffices to 
point out that the magnetic structures that can occur with low 
total energy depend sensitively on the volume. In agreement 
with older work 37-39 we find that there exist ferromagnetic 
states having high magnetic moments at volumes larger than 
the bcc-equilibrium volume. New in our calculations is the 
occurrence of spiral magnetic states at volumes larger than 
the equilibrium volumes but having lower total energies than 
the ferromagnetic states. We could show that these states are 
being measured by neutron diffraction experiments on y-Fe 
precipitates in copper. 40 Since these states occur at large vol¬ 
umes (in contrast to Fe 3 Pt where they occur at small vol¬ 
umes, see Fig. 1) they are responsible for the large positive 
thermal expansion coefficient that is shown in Fig. 4. 

The object of these previous calculations was either iron 
in the bcc structure (a-Fe) or in the fee structure (y-Fe). 
Since at constant atomic volume the bcc structure can be 
continuously deformed to the fee structure, the latter appear¬ 
ing as a body centered tetragonal with a value of da =V2, 
we now describe results of new calculations in which we 
focus our attention on the possible magnetic states of tetrag¬ 
onal iron with 1 ^c/a^V2. These states may occur in epi¬ 
taxially grown iron, but we remind the reader that our calcu¬ 
lations are for bulk materials and not for surfaces. Thus, in 
view of possible effects due to lowered dimensionality, our 
results should be understood to describe real cases perhaps 
only semiquantitatively. In Fig. 5 we show the total energy 
counted from some suitable but arbitrary origin and the local 
magnetic moment for three different volumes labeled by the 
Wigner-Seitz radius £ ws as a function of the spiral q vector. 
The value of £ ws =2.646 corresponds to the equilibrium vol¬ 
ume of bcc iron and it is seen that bcc Fe (c/« = l) is stable 
for q =0 which is the ferromagnetic state; up to about da 
= 1.2 iron is ferromagnetic, but fee Fe at this volume is non¬ 
magnetic at q=0 having a metastable spiral magnetic state 
with a reduced magnetic moment at about q =0.6. At a some¬ 
what larger volume (f? ws =2.67) the range of stable ferro¬ 
magnetic states is increased, l ; Sc/a<1.3, but fee Fe still 
appears to have a spiral magnetic state. For a large volume 
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FIG. 5. Total energy and local magnetic moment of iron as a function of q, 
the magnitude of the spiral vector in units of 2-rr/a, for three different vol¬ 
umes labeled by the Wigncr-Seitz radius, R m ; the parameters labeling the 
different curves give the values of da, c/a = l: bcc Fe, cl a -db. fee Fe, 
values in between: tetragonal iron. 


corresponding to R ws =2.76 fee Fe is now barely stable in a 
ferromagnetic state, but we may speculate that its Curie tem¬ 
perature could be rather low because the flatness of the total 
energy as a function of q signals small interatomic exchange 
constants. 

We will close this section by discussing new but prelimi¬ 
nary results for Fe-Cr multilayers. This modern topic has 
received considerable attention recently by many research 
groups whose work, unfortunately, we have no space to cite 
here properly. Concentrating instead on the work of only the 
Jiilich group 18-20 and only on a few salient facts we may 
state that depending on the spacer (chromium) thickness, 
iron layers experimentally appear to be coupled ferromag- 
netically, antiferromagnetically, or in a 90° configuration. 
One therefore postulates that the exchange coupling between 
Fe layers can be written as // c =-A 1 cos O-B^cos 29 
where the second term on the right-hand side is the biqua¬ 
dratic coupling term. This type of coupling among other 
things shows up in hysteresis loops as steps in the magneti¬ 
zation. To our knowledge it is still not clear whether this 
coupling is intrinsic or extrinsic. 41 

A simple multilayer was simulated 42 by continuing peri¬ 
odically two closed packed (CP) layers of Fe, two CP layers 
of Cr, and two CP layers of Fe. The two Fe layers were found 
to be coupled antiferromagnetically by the chromium spacer. 
Next a magnetic: field in the global frame of reference is 
turned on and increased slowly iterating the system to self- 
consistency at each chosen value of the magnetic field until 
eventually the field has aligned the Fe moments ferromag- 
netically. We find that the reorientation of the magnetic mo¬ 
ments happens in steps first at about 120° then at about 30° 
between the Fe moments. The steps, however, are not as 
pronounced as in the experimental hysteresis curves. The 
total energy calculated was fitted to H c above by separately 
taking care of the Zeeman energy. The result was 
5 ,—0.16 which is in fair agreement with the value 

By/A ] —0.13 quoted in Ref. 18. We add, however, that the 


separate values of A, and B, are obtained to be about one 
order of magr : tude larger than the experimental estimates. 
Furthermore we emphasize that in our calculations the spin- 
orbit coupling, i.e., the magnetocrystalline anisotropy, and 
any roughness between the layers were neglected. Therefore, 
even though our results are tentative at best and our simu¬ 
lated multilayer may not really represent reality, we conclude 
that the biquadratic coupling is an intrinsic property that is 
due to certain features in the electronic structure of the Fe-Cr 
layers that still need to be clarified. 

IV. CONCLUSION 

For itinerant-electron magnets we succeeded in describ¬ 
ing the vector nature of the magnetic moments whose mag¬ 
nitude and direction are treated in noncollinear constrained 
moment calculation as independent variables for an ab initio 
calculation of the total energy. This supplies the energetics of 
spin fluctuations and enabled us to make a step—although 
crude—in the direction of determining finite-temperature 
properties. Our calculations describe the magnetovolume 
properties of Fe 3 Pt and the results agree with experimental 
facts in a semiquantitative way, notably with the Invar be¬ 
havior. On first sight it does not appear surprising that in 
Fe 3 Pt with increasing temperature the magnetic moment and 
thus the specific volume decrease. One should bear in mind, 
however, that the decreasing magnetic moment is not the 
usual decreasing thermal average but is brought about by 
longitudinal spin fluctuations that are triggered by transverse 
fluctuations. 

Furthermore, we discussed the possible states of tetrag¬ 
onal iron and estimated the volume at which fee Fe is ferro¬ 
magnetic by studying the total energy as a function of the 
spiral q vector. Finally we calculated the energetics of reori¬ 
enting antiferromagnetically coupled Fe layers in Fe-Cr and 
estimated the ratio of the bilinear and biquadratic exchange 
constants concluding that the biquadratic coupling might be 
of intrinsic origin. 
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Verwey transition in magnetite: Mean-field solution of the three-band model 
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The nature of the Verwey transition in magnetite (Fe 3 0 4 ) within a three-band spinless model 
Hamiltonian is examined. These bands, which arise from the minority-spin t 2g orbitals on the Fe(£) 
sublattice, are occupied by half an electron per Fe(5) atom. The Verwey order-disorder tiansition 
is studied as a function of the ratio of the intersite Coulomb repulsion £/ x and the bandwidth W. It 
is found that the electrons are ordered beyond the critical value of t/j/W*=0.25 in essential 
agreement with the results of the one-band Cullen-Callen model. For larger values of U x /W, a 
Verwey-like order is exhibited where the electrons occupy alternate (001) planes. The model 
predicts a transition from the metallic to the semiconducting state with the band gap '.lcreasing 
linearly with U y beyond the transition point. 


I. INTRODUCTION 

The Verwey transition in magnetite 1-3 is a well-known 
metal-insulator transition characterized by a decrease of two 
orders of magnitude in conductivity as temperature is de¬ 
creased below the Verwey temperature of r„~120 K. The 
transition is accompanied by an order-disorder transition, 
where in the simplest ionic picture, Fe 2+ and Fe 3+ ions order 
on the B sublattice of the spinel structure, interacting via 
Coulomb forces. Examining this picture quite early on, 
Anderson 4 pointed out the remarkable property of the spinel 
B sublattice that the short-range part of the Coulomb inter¬ 
action is minimized by ~(3/2) Ar/2 different configurations of 
the ions where N is the number of sites on the B sublattice. 
The long-range part of the Coulomb interaction, on the other 
hand, is minimized only by a few of these configurations. 
The Verwey transition may therefore be interpreted as a loss 
of long-range order (LRO) above T v with no abrupt change 
in the short-range order (SRO). This interpretation is consis¬ 
tent with the entropy change at the Verwey transition ob¬ 
tained from specific heat measurements. 

This ionic picture, while providing a reasonable descrip¬ 
tion of the order-disorder transition, does not provide any 
quantitative description of the transition from metal to insu¬ 
lator. Issues unaddressed include questions such as: What are 
the charge carriers in magnetite? Is the conductivity via mo¬ 
tion of ions or does one has to think of itinerant electrons? In 
fact, subsequent to Anderson’s work, a number of models 
have been proposed to describe the mechanism of electrical 
conduction and simultaneously the order-disorder transition. 
These include the itinerant one-band electron model of 
Cullen and Callen, 5 and the molecular polaron or bipolaron 
pictures of Yamada and Chakraverty, 6 etc. 

T... itinerant electron model of Cullen and Callen de¬ 
scribes the Verwey transition in terms of motion of electrons 
on the B sublattice. The Hamiltonian consists of a nearest- 
neighbor hopping integral t and the intersite Coulomb inter¬ 
action U i between nearest neighbors. In a seminal work, 5 
Cullen and Callen studied this model and in fact found an 
order-disorder transition below a critical value of U x lt~2.2. 
However, there was no justification for the origin of such a 


•’Present address: Department of Physics, North Carolina State University, 
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model and, since there was no reliable estimate for U x /t until 
our recent work, 7 the applicability of the Cullen-Callen 
model to magnetite remained unclear. 

Recently we have examined the electronic structure of 
magnetite using density-functional methods with the local 
spin-density approximation (LSDA). 7 Based on this work, 
we have obtained a three-band electronic Hamiltonian for the 
motion of electrons on the B sublattice of magnetite. In this 
article, we discuss the results of a mean-field solution of the 
three-band model. We find that both (a) the order-disorder 
transition and (b) the metal-insulator transition can be de¬ 
scribed within the three-band model. 

II. THE MODEL HAMILTONIAN 

The crystal structure of magnetite consists of three sub¬ 
lattices, viz., the oxygen sublattice and the Fe(A) and the 
F t(B) sublattices. The magnetic moments within each Fe 
sublattice are aligned in the same direction, while the two 
sublattices are aligned antiferromagnetically. Since there are 
twice as many atoms on the B sublattice as on A , there is a 
net magnetic moment with a magnitude of 4.1 per Fe 3 0 4 
formula unit. 

In our et " er work, 7 we have calculated the density- 
functional spin-polarized electronic structure of magnetite, 
which is schematically shown in Fig. 1. As seen from the 
figure, the majority-spin bands are semiconducting, while the 
minority-spin bands are metallic, a picture also obti ined by 
Yanase and Siratori from independent calculations. 8 The 
presence of only the minority-spin electrons at the Fermi 
energy is consistent with the spin-polarized photoemission 
experiments of Alvarado et al. 9 

The t 2g orbitals of the Fe(B) atoms form the electron 
bands at the Fermi energy Ef with the t 2g bands occupied by 
half an electron per Fe(£) atom. The electron count is such 
that the presence of these “extra” electrons makes the va¬ 
lency of half the B site atoms Fe +2 and the other half B site 
atoms have the valency of Fe +3 . The picture that emerges 
then is that the “extra” electrons move on the background of 
Fe +3 atoms on the B sublattice in agreement with the tradi¬ 
tional view of charge transport in magnetite. 4 

The electronic structure provides justification for the 
conventional picture of conduction via Fe(B) electrons mov¬ 
ing on the B sublattice. However, unlike the one-band pic- 
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FIG. 1. Schematic picture of the electronic structure in magnetite as ob¬ 
tained from the density-functional band calculation (Ref. 7). The minority 
spin t 2g electrons on the Fe(fl) sublattice play the key role in charge trans¬ 
port. 



FIG. 2. Ground-state energy as a function of C7 j. The dashed curves corre¬ 
spond to energies in the limit of zero hopping (no kinetic energy term) for 
various configurations. The configurations are characterized by the mean 
occupation of the xy,yz,zx orbitals on the four Fe(B) atoms, viz., (1) 
{1/2,0,0; 1/2,0,0; 1/2,0,0; 1/2,0,0}, (2) (1,0,0; 1,0,0; 6*0}, (3) {1,1,0; 9*0}, 
and (4) {12*1/6}. The Coulomb energy of the four configurations are (1) 
E=3U U (2) £ = 21/), (3 )E=U 0 , and (4) £ = {/ 0 /3 + 3{/,. Even though 
the Coulomb energy of configuration (1) is relatively high, the large kinetic 
energy gain for this configuration makes it the ground state for lower values 
of C/j. Configuration (2) wins beyond the transition point of t/,^0.38 eV 
because of its lower Coulomb energy. 


ture of Cullen and Callen, we now have the three t 2g bands 
{xy, yz, and zx), which leads to a three-band electron model 
on the B sublattice 

3 3 

H— 2 2 2 U• ( 1 ) 

W) /t,v=l lj ft,P=l 

Here a,^(a 1M ) are the creation (annihilation) operators of the 
electron on the B sublattice with i, fi being the site and 
orbital indices ( xy,yz,zx ), respectively, n lfi is the corre¬ 
sponding number operator, and (ij) denotes summation over 
nearest neighbors (NN). The Hamiltonian (1) consists of a 
tight-binding NN hopping term (the band-structure term) 
plus the Coulomb interaction term. 

The values of the electronic parameters in the Hamil¬ 
tonian (1), calculated from “constrained” density-functional 
methods, 7 have the following values for magnetite: (a) the 
hopping integrals t dd(J =-0Al eV, t ddv = 0.05 eV, and 
t dd s~ 0-12 eV, resulting in an average r«-0.13 eV and a 
bandwidth of W=1.55 eV and (b) the Coulomb parameters 
U 0 = 4.1+0.5 eV, t/,=0.3—0.4 eV, and t/ 2 =0.05-0.1 eV. 
Here the on-site Coulomb repulsion is denoted by U 0 and the 
first and the second NN Coulomb terms are denoted by C/ t 
and U 2 , respectively. Since U 0 is much larger than U x and 

double site occupancy is prevented in view of the fact 
that there are half as many electrons as the B sites. Although 
a small value of U 2 is necessary to stabilize 10 the experimen¬ 
tally observed “Mizoguchi structure” at low temperatures, 11 
a structure where the unit cell is doubled, U 2 is an unimpor¬ 
tant parameter for our purpose here. In our study below, we 
choose the values of i/ 0 =4 eV and U 2 = 0, leaving thereby 
the only relevant parameter U x /W in the Hamiltonian. 

111. MEAN-FIELD SOLUTION 

We study the Verwey transition by solving the Hamil¬ 
tonian (1) in the mean-field approximation. We retain the 


periodicity of the spinel structure, which means the electrons 
can occupy any of the twelve orbitals [four Fe(B) atoms X 
three orbitals/atom] in the unit cell. In the standard mean- 
field approximation, we have 

Htn( n ] p) ~~ ( n ip) • (^) 

Incorporating the first two terms in the band-structure part of 
Eq. (1), the total energy may then be written as a sum over 
the occupied one-electron eigenvalues e, minus the Coulomb 
energy 

e F 

2 &i~E Coulomb • ® 

I 

The mean electron occupations (n, M ) are calculated from the 
eigenfunctions of the Hamiltonian (1), which in turn depends 
on (n, M ). These are then determined self-consistently. The 
procedure is thus to diagonalize the 12X12 Hamiltonian ma¬ 
trix for each k point in the Brillouin zone and find the ( n l/J ) 
from the eigenvectors of the occupied states. We then go 
back and find the eigenvalues and eigenvectors taking these 
new values of (n lfl ) in the Hamiltonian. The process is re¬ 
peated until («, M ) values have converged, which then corre¬ 
sponds to the minimum energy configuration. We performed 
the eigenvalue summation in the expression (3) with 216 k 
points in the full Brillouin zone. 

The calculated ground-state energy is shown in Fig. 2 as 
a function of the parameter U x . The dashed curves refer to 
the energies of selected configurations without the band- 
structure term, i.e., in the limit of zero bandwidth. Without 
the band-structure term, the ordered phase, denoted by con¬ 
figuration (2) in Fig. 2, has the lowest energy for all values of 
f/,«2 eV. This phase has the electron configuration where 
two of the four sites in the unit cell have an electron each and 
the other two sites are empty. However, with the inclusion of 
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FJG. 3. The calculated Cullen-Callen order parameter m ( as a function of 
the nearest-neighbor Coulomb energy U x . 

the band-structure term, the disordered phase, viz., configu¬ 
ration (1), with half an electron on each site, has the lowest 
energy for the smaller values oiU x . For higher values of U x , 
the Coulomb energy of configuration (1) becomes progres¬ 
sively larger and the ordered phase, configuration (2), wins 
over thereby resulting in a structural phase transition as in¬ 
dicated in the figure. Thus the transition is a result of the 
competition between the kinetic energy (band-structure en¬ 
ergy) and the Coulomb energy. 

The ordered phase is similar to the Verwey order with 
electrons occupying alternate (100) planes in the cubic struc¬ 
ture. The so-called “Mizoguchi” structure, 11 inferred to be 
the structure of magnetite at low temperatures, where the 
unit cell has doubled compared to the cubic cell, is not re¬ 
produced in our calculation because we have restricted our¬ 
selves to the cubic unit cell of the spinel structuie. To study 
the nature of the transition, we define the order parameters 
following earlier authors: 5 

wi 1 = (n 1 + M 2 -«3-rt 4 )/2, 

m 2 = (n l -n 2 +n i -n 4 )/2, (4) 

m 2 = (n l -n 2 -n i +n A )/2, 
and 

n = («. + rt 2 + n 3 + n 4 ) = 2. 

Here «, = 2 5 =1 (n, M ). For perfect order mi=l, while for per¬ 
fect disorder m t =0. 

The calculated order parameter m, as a function of the 
Coulomb parameter U x is shown in Fig. 3, where we also 
reproduce the results of the one-band Cullen-Callen model. 
There is a rather sharp transition around the value of 
U 1=0.38 eV in both the Cullen-Callen model and the 
present three-band model. The order parameters m 2 and m 2 
are zero everywhere except the transition region correspond¬ 
ing to “multiple order,” 5 an issue we have not examinee yet 
in any detail. 

We have also calculated the mean-field electronic eigen¬ 
values (band structure). The bands are metallic until the trar • 
sition point beyond which a band gap develops with the ga. i 
value increasing linearly with U y as shown in Fig. 4. 
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FIG. 4. Band gap as a function of the nearest-neighbor Coulomb energy (/,. 
A metal-insulator transition is seen at the value of (/ t =0.38 eV. 


IV. CONCLUSION 

In conclusion, we have studied the three-band model for 
the Verwey transition in magnetite in the mean-field approxi¬ 
mation. The Verwey transition is described in terms of the 
order-disorder transition of the t 2g “extra” electrons on the 
B sublattice. Whether these electrons are ordered or not de¬ 
pends on the relative strengths of the Coulomb energy and 
the kinetic energy, characterized by the Coulomb parameter 
U j and bandwidth W, respectively. For lower values of the 
Coulomb parameter, a disordered state is favored, while a 
larger value results in an ordered state with the crossover 
taking place at the ratio U { /W^ 0.25. The ordered state in 
our calculation has a Verwey-like order, where alternate 
(001) planes on the B sublattice are occupied by the “extra” 
electrons. We have shown earlier 10 that given the degree of 
freedom (larger unit cell) the kinetic energy term destabilizes 
the Verwey order into the experimentally observed Mizogu¬ 
chi order. Finally, even though the Verwey transition occurs 
as temperature is changed, our present results pertain to zero 
temperature with the Verwey transition taking place as elec¬ 
tronic parameters are varied. We are currently studying the 
Verwey transition within a finite-temperature mean-field 
theory. Preliminary results indicate that our model can ex¬ 
plain the experimentally observed Verwey transition as a 
function of temperature. 12 
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Wannier states in magnetite 
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Magnetite exhibits the well-known metal-insulator transition at the Verwey temperature ( T v ) near 
123 K. Neither the physical origin nor the conduction process above T v is well understood. Using 
the Cullen and Callen tight-binding Hamiltonian, the “extra” fully spin-polarized 3 d conduction 
electrons in the B sublattice are described. By introducing a covalency parameter T, the Wannier 
states for these conduction electrons can be characterized. Only for the lower singlet subband, does 
the T value point toward delocalization. The results reveal that the Wannier states in magnetite are 
a mixture of localized and delocalized electron states. 


I. INTRODUCTION 

The debate on the origin of the Verwey phase transition 
in magnetite (Fe 3 0 4 ) and its unusual physical properties ob¬ 
served above this transition still continue. 1 Fe 3 0 4 is a mixed- 
valence oxide material that undergoes a metal-to-insulator 
transition at the Verwey temperature ( T v ) near 123 K. Sev¬ 
eral models, ranging from electron hopping to broadband 
conduction, have been proposed for the conduction mecha¬ 
nism above T v . The local-magnetic-field anomaly 2 in Fe 3 0 4 
observed at twice T v (T w ) has provided new stimulus in 
magnetite studies, and clearly marked the temperature inter¬ 
val [T V ,T W \, for which precursor effects related to the Ver¬ 
wey transition occur. 

Fifteen years ago, Mott and others 13 suggested that 
above T v Fe 3 0 4 behaves like a Wigner glass, in which the 
“extra” 3d electrons (3d*) randomly occupy one-half of the 
B sites. According to Mott, 3 the electric properties of such a 
glass are best described by a narrow (polaron) band. Further¬ 
more, combined experimental evidence involving muon-spin 
research (/xSR), Moessbauer effect spectroscopy, and neu¬ 
tron scattering studies strongly support this picture of 
phonon-assisted electron hopping above T v , 2a Direct experi¬ 
mental proof of the Mott-Wigner glass state in Fe 3 0 4 has 
been provided by the observation of the pSR cross- 
relaxation effect at T w } 

Despite the progress made in recent years, additional 
study is needed. Some questions still remain: Are these 3d* 
electrons localized and, is the Hubbard approach as per¬ 
formed by Ihle and Lorentz 4 justified? A study of the Wan¬ 
nier states of these “hopping” 3d* electrons could provide 
answers to these questions and shed light on the origin of the 
Verwey phase transition. We have used the established 
Cullen and Callen (CC) Hamiltonian 5 as a starting point of 
our Wannier study of magnetite. 


II. TIGHT-BINDING METHOD 

Magnetite, which can be well described by 
(Fe 3T ) /t [Fe^e-‘] fi 0 4 , is a ferrimagnet and has an inverse 
spinel structure. The Fe ions at the A sites do not play a role 
in the conduction mechanism. The Fe ions in the B sites are 
surrounded by six oxygens in an octahedral environment. 


The unit cell has two molecules and thus four B sites. These 
four B sites share two 3d* conduction electrons and are half 
occupied. The ferrimagnetic Neel temperature of 858 K and 
Hunds’s rules impose that these 3d* electrons are fully spin 
polarized below RT. In the trigonally distorted octahedron, 
the d 3 ( Z >) 2_ r 2 electron state is the lowest in energy; z' being 
parallel to the (111) axis. At the comers of a cube, the four B 
sites form a tetrahedron, the unit of the B sublattice. For this 
atomic unit, the quadruplet (available for the two 3d* elec¬ 
trons) will split into a singlet and a higher triplet electron 
state, when considering an attractive potential at the B sites. 

Cullen and Callen (CC) introduced the following one- 
band Hamiltonian for these 3d* electrons in the B 
sublattice: 5 

//„ 0 =//{l + exp(2i'kT a/? )}, a,(3= 0,1,2, or 3 (1) 

and 

H aa = 0, a=0,l,2, and 3, (2) 

where a and f3 are B sites in the atomic unit, H is a negative 
constant transfer integral and is of the order of -0.05 eV, 2a,2b 
and r a p is a vector between sites a and (3. In case the ob¬ 
tained Wannier states show substantial delocalization, we 
may need to use the three-band Hamiltonian as proposed by 
Zhang and Satpathy. lb The total Bloch function 4»(r) for the 
3d* electrons reads 

3 

•>=! cjk)t t , (3) 

a=0 

where 

N 

^a=^" 1/2 S {exp(/kR ; )}^(i—R,-t„). (4) 

j 

R ; is the B sublattice vector and t Q is the B site vector within 
the atomic unit. 

The Wannier function W is defined as 
W(r-R,)=N- l 2 2 2 exp{ik(R,-R,)}c a (k)^ >r 

k j a 

(5) 

The Wannier states are then evaluated to be 
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w*w='2 2 2 c;(k) C/3 (k)0„- (6) 

k a p 

The c a (k) are determined from solving 
3 

2 {/f^-£V(k)<S aj8 }c /3 =0, a= 0,1,2, and 3, (7) 

P-o 

where the eigenvalues £V(k) are obtained from the determi¬ 
nant equation 

\H af} -E(k)S ap \=0. (8) 

In nearest neighbor (nn) approximation, we then have 

w*w=2 2 |c„(k)| 2 |^| 2 

k a 

nn 

+ nSc:(k)c a .(k)O al . (9) 

k aa' 

In order to describe electron overlap and transfer, we 
introduce the mixing parameter F for each subband 

nn j 

r={2 22 c:(k)c„,(k)} /{2 2 k(k)| 2 }. (io) 

k aa' / k a 

When the covalency parameter F is negative or zero, anti¬ 
bonding and/or localization are indicated; when positive, 
more covalency and delocalization are present in the Wan- 
nier states. 

III. CALCULATIONS AND RESULTS 

Solving for the eigenvalues EV( k)’s of the CC Hermit- 
ian matrix H afi is straightforward, and can be performed ana¬ 
lytically. An important feature is that for all k directions a 
degenerate doublet exists independent of k; this doublet was 
part of the tiiplet (see above) at k=0. The obtained eigen¬ 
values fully agree with the literature values. 5 The broadening 
of the upper singlet (departing from the k=0 triplet) and the 
lower singlet is in the order of |3//| (an estimate could be 
between 0.1-0.2 eV). To solve for the eigenvectors c a (k), 
we have transformed the 4X4 Hermitian into a real symmet¬ 
ric 8X8 matrix following a standard recipe. In this way, 
Mathematica provides the eigenvectors in a convenient and 
correct way. 

In Table I, the results on T and other relevant informa¬ 
tion are given. 


TABLE 1. Results on I'. 


34* 

bands 

r 

parameter 

state 

Occupancy 

0 K 

Broadening 

Doublet 

-1.4; 

very localized 

0 

0 

Upper 

-0.0 

localized 

1 

< ~\2H\ 

singlet 

lower 

+2.9 

delocalized 

1 

<\2H\ 

singlet 






The estimated values for T have been obtained by summing 
over 150 k points; these are estimates because complete con¬ 
vergence for the k sums has not been obtained. As one can 
see from the table, only one state has become delocalized. 
When the temperature increases from 0 K, this state is being 
emptied. However, the available (excited) empty states, es¬ 
pecially the doublet state, are localized in this CC descrip¬ 
tion. Therefore, we see no need to use a three-band Hamil¬ 
tonian (see above); for now, the CC H ap appears to be 
sufficient, and approximately correct. 


IV. DISCUSSION AND CONCLUSIVE REMARKS 

As T —>0 K, only the lower and upper singlet bands will 
be occupied. Only at X (1,0,0) in the Brillouin zone, these 
singlets touch; otherwise, a gap exists having an effective 
width of the order of \H \. Thus, at sufficiently high tempera¬ 
tures of about 7> or T w (when thermal energies are in the 
order of 0.01-0.02 eV), a localized behavior of the 3d* 
states is predicted. The upper singlet and doublet (narrow) 
bands are primarily responsible for the conduction process; 
this is consistent with the Mott-Wigner glass description. 
Above T w , our Wannier picture supports the idea of 
(phonon-assisted) electron hopping. However, this depiction 
is incomplete: the strong localization indicates the necessity 
to take into account Hubbard-like terms, as has been done (in 
the extreme limit) by Ihle and Lorentz 4 to describe the Cou- 
lombic 3d*-electron interactions. Also, Mishra and 
Satpathy lc have used Hubbard-like terms (together with the 
CC H a p) to study the atomic charge ordering below T v . 

Our present results reveal that the Wannier states in mag¬ 
netite are a mixture of localized and delocalized electron 
states. Evidence for such a mixture is also exhibited in the 
electronic properties of the high-T,. cuprates. Similarities be¬ 
tween the electronic and geometrical structures of Fe 3 0 4 and 
LiTi 2 0 4 and CuO-based superconductors suggest Wannier 
studies may provide substantial clues on the conduction 
mechanisms of these transition-metal oxides. Further work is 
in progress. 
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Orbital ordering and magneto-optical effects in CeSb 
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The influence of on-site Hubbard correlations on electronic structure and magneto-optical spectra of 
CeSb have been studied. As the new key mechanism to produce the large magneto-optical signal is 
linked to the interaction between the anisotropy of the Coulomb matrix and m -dependent p-f 
hybridization, this effect suggests a systematic search for materials with large magneto-optical 
effects. 


Cerium monopnictides with the NaCl-type of structure 
are prototypical materials belonging to strongly correlated 
low-carrier-density systems which have attracted attention 
for their unusual spectral and magnetic properties and the 
difficulties in explaining them. There are controversial inter¬ 
pretations of the double peak structure of valence-band pho¬ 
toemission spectra, 1 different explanations for the de Haas- 
van Alphen (dHvA) data, 2 and limited understanding of the 
nature of the structural phase transitions for these systems. 3 
Among the pnictides CeSb has a special position. In addition 
to the anomalies inherent to all monopnictides, CeSb has a 
large magnetic anisotropy together with a small crystal field 
splitting, 4 an extremely complicated magnetic phase dia¬ 
gram, including a type of Devil’s staircase at low 
temperature, 5 and the largest known Kerr angle. 6 It turns out 
that the widely used local spin density approximation 
(LSDA) fails to predict many of the ground and excited state 
properties: the value of the equilibrium magnetic moment, 
the additional orbits found in de Haas-van Alphen experi¬ 
ments, the small density of states at the Fermi level, and the 
magneto-optics. 2,7 

In this communication we have used the so-called 
LDA+U method in rotation-invariant form 8 to describe the 
ground state electronic structure and the anomalies of the 
magneto-optical spectra of CeSb. Some details of the method 
were published in Ref. 9. It turns out that the results of the 
self-consistent band structure of CeSb are similar to those of 
the empirical p-f mixing model 10,11 and leads to improve¬ 
ment in the description of the magneto-optical (MO) spectra. 

We used the full-potential scalar-relativistic linear 
muffin-tin orbital (LMTO) method 12 to calculate the self- 
consistent band structure of ferromagnetically ordered CeSb 
(this corresponds to the high field state obtained in MO ex¬ 
periments) with the LDA+U functional (1) and the atomic 
sphere approximation (ASA) LMTO 10 method with spin- 
orbital coupling in the second-order variational step to inves¬ 
tigate the magneto-optical spectra. The integration over the 
Brillouin zone has been done by the tetrahedron method with 
69 k points for the self-consistent field (SCF) calculation and 
about 1000 k points in the ^ BZ for optical matrix elements. 
The low temperature experimental crystal structure for CeSb 
with a 0.2% tetragonal distortion was used. 3 

Without spin-orbital coupling it was found that the 
Hartree-Fock-like one-electron 4/ spin “up” states with 
predominantly m =3 and m = - 3 character have the lowest 


total energy. This is in agreement with the first and second of 
Hund’s rules, with energy differences among the 4/ configu¬ 
rations arising from anisotropic Coulomb and crystal field 
effects. One should note that the symmetry of such orbitals is 
not cubic anymore, and that Jahn-Teller tetragonal distor¬ 
tions give a lower energy. The spin-orbital coupling (—0.5 
eV) lifts the degeneracy of the m =±3 states according to 
Hund’s third rule and the lowest energy corresponds to the 
|—3f) one-electron state. The spin and orbital moments are 
equal to -0.92 p B and 2.86 p B , respectively, yielding a total 
magnetic moment of 1.94 /%, which is close to the experi¬ 
mental value obtained for the antiferromagnetic (AFM) 
ground state (2.10+0.04 p B ). 5 

In this article we consider only the one-determinant 
LDA+U singlet ground state. The ground state band struc¬ 
ture of CeSb (with spin-orbital coupling) is shown in Fig. 1. 
The / bands are split by approximately 6 eV, and the singly 
occupied / band is located at 2.3 eV below the Fermi level. 
All unoccupied / bands are at approximately 3.7 eV above 
E F and the broadbands which cross the Fermi level are 
formed by Sb p states. This picture of the CeSb electronic 
structure is in agreement with the phenomenological p-f 
mixing model. 10,11 

The density of states (DOS) is shown in Fig. 2(a) and is 
quite different from the LSDA DOS [Fig. 2(b)]. There is a 
large reduction of the density of states at the Fermi level with 
our LDA+U value of N(E F )= 6.5 st/Ry -1 compared to the 
LDA value of about 150 st/Ry -1 . The occupied / band with 
mostly m = - 3 character interacts in a very anisotropic way 
with the Sb p bands (see Fig. 3) and even pushes one of the 
p states (mostly m = 1 character) above the Fermi level along 



FIG. 1. Band structure of ferromagnetically ordered CeSb. Both rydberg and 
elcctronvolt scales are shown. 
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FIG. 2. (a) Total density of states of ground state for the ferromagnetically 
ordered CeSb in LDA+U. The narrow peak at 0.38 Ry is predominantly 
/=3, m = - 3, and rr= + l in character. The Fermi level is shown by the 
arrow, (b) Total density of states of ground state for the ferromagnetically 
ordered CeSb in usual LSDA. The two large peaks correspond to 4/ "up” 
and "down” states. 


the F-Z direction, but not in the F-Af direction. The aniso¬ 
tropic p-f interaction helps explain the anomalous magnetic 
properties of CeSb (Ref. 13) with strong magnetic anisotropy 
in the ferromagnetically ordered phase {our calculated value 
of magnetic anisotropy as the total energy difference with the 
magnetic field along [001] and [110] directions is 2.4 meV 
(standard LSDA calculations give 0.54 meV)}. Such aniso¬ 
tropic p-f mixing for different m subbands near the Fermi 



b. 




FIG. 3. Schematic picture of Hubbard-induced anisotropy formation in 
frame of LDA+U for CeSb. (a) Normal LDA structure of p and / bands in 
CeSb. (b) A shift ot one / state of Ce (predominantly with m = - 3 charac¬ 
ter). (c) The results of strong p-f hybridization and the creation of a highly 
polarized structure of p states of Sb. 



FIG. 4. Interband off-diagonal optical conductivities of CeSb (in 10 ,s s' 1 ). 
The theoretical curve does not include broadening from quasiparticle life¬ 
time effects or experimental resolution. 


level, together with the large spin-orbital coupling of Sb p 
states (~0.6 eV) leads to particularly strong MO effects. 

The nondiagonal part of the conductivity tensor (Fig. 4) 
is in better agreement with experimental MO spectra 6,14 than 
the LDA result 7 which qualitatively disagrees with experi¬ 
ment. A serious problem however is the small magnitude of 
the negative peak at 0.3 eV in comparison with the experi¬ 
mentally predicted MO spectra. This particular peak is of 
interest because the small value of the diagonal conductivity 
near this energy helps produce the largest measured Kerr 
angle of any material. The theoretical 0 k of 5° (at 0.3 eV) is 
large, but still smaller than the predicted value (>15°) or 
measured value (of about 14° at 0.5 eV). 

Analysis of MO matrix elements shows that the main 
contribution to the peaks in cr xy (u>) at 0.3 and 0.9 eV comes 
from the transitions from p to d bands near the Fermi level. 
Among those states the radial functions consist of an atomic- 
like p orbital around the Sb site and tails of states from 
surrounding sites which have some d-like symmetry within 
the Sb sphere. These are exactly the p bands which interact 
strongly with the occupied Ce / band and are pushed above 
E F along the T-Z direction and stay below E F along T-A'. 
One of the interesting consequences of such anisotropy 
[which comes from the symmetry breaking nature of the 
LDA+U approach (see Fig. 3)] is that the orbital angular 
character (m quantum numbers) is further separated than 
would occur from just the spin-orbit coupling alone. Espe¬ 
cially large contributions to a- xy (w ) may be predicted for sys¬ 
tems with such a big anisotropy of the / electron angular 
momentum density. For CeSb there is strong hybridization of 
one particular f orbital and one p orbital with significant 
energy shifts near the Fermi level where spin-orbital splitting 
of p states is also large. With the same mechanism it may be 
possible to produce strong MO effects using f-d anisotropic 
hybridization (with materials like CePt, CePtSb, and so on). 
In any case anisotropy induced contributions to MO may 
affect significantly the off-diagonal conductivity (but not the 
diagonal part), and may be another consideration for increas¬ 
ing the MO effect in searching for new MO materials. 
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Magnetic properties of Sm 2 (Fe,V)i 7 N y coarse powder 
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Magnetic properties and crystal structures of Sm 2 (Fe,V) 17 N > . alloys were studied. Crystal structures 
of Sm 2 Fe 17 _ x V x alloys varied from Th 2 Zn 17 (*=0-1) to TbCu 7 (* = 1.5), and ThMn 12 -type (*=2) 
as a function of vanadium content (*). The alloys were nitrogenated at 823 K for 4 h, and in all 
cases resulted in the expansion of the crystal lattice. The nitrogenated and annealed Sm 2 Fe 15 5 V, 5 N y 
coarse powders with 20-74 pm particles showed H cJ of 342 kA/m (4.3 kOe) without fine grinding. 
It is supposed that one of the reasons of the high coercivity is due to the microstructures of the 
particles. 


INTRODUCTION 

Since the discovery of Sm 2 Fe 17 N 3 _ (5 compounds, 1 a 
number of studies concerning their application for permanent 
magnets have been reported. 2,3 It is well known that fine 
grinding, nanostructures, and zinc bonding methods for those 
alloys improve the coercivity. High energy products around 
160 MJ/m 3 (20 MGOe) for bonded magnets have been ob¬ 
tained by compacting an anisotropic fine powder with a 
resin. 4,5 However, very high compaction pressures are re¬ 
quired to achieve the above value. Because of that reason, 
coarse powders are more advantageous for preparing high 
performance magnets. 

In this study, the nitrogenation of Sm 2 Fe 17 _ x V x alloys 
were performed and their magnetic properties were investi¬ 
gated in detail. It was found that Sm 2 Fe 1 5 5 V 1 jN^ coarse 
powder showed the highest coercivity among those alloys 
and was suitable for bonded magnet materials. 

EXPERIMENT 

Sm 2 Fe 17 _ x V x (*=0,0.5,1,1.5,2) alloys were prepared by 
induction melting and homogenizing at 1373 K for 12 h, and 
ground to 20-150 /xm in particle size. These powders were 
nitrogenated at 773-873 K for 4 h under 0.8 MPa of N 2 
atmosphere, some were subsequently annealed at 823 K 
for 2-16 h. !\ jgenated Sm 2 Fe 15 5 V 15 alloy powders were 
studied in detail as these showed the highest coercivity com¬ 
pared to other alloy powders. Crystal structures and magnetic 
properties of these powders were measured by x-ray diffrac¬ 
tion with Cu K a radiation and vibrating sample magnetom- 
etry (VSM), respectively. The nitrogen content of alloy pow¬ 
ders after a nitrogenation was calculated by the mass change 
and calibrated from a LECO analyzer (TC-436). A scanning 
electron microscope (SEM) and an electron probe microana¬ 
lyzer (EPMA) were also used for the analysis of microstiuc- 
tures of alloy powders. 

RESULTS AND DISCUSSION 

Figure 1 shows x-ray diffraction patterns of 
Sm 2 Fe 17 _ x V x (*=0,0.5,1,1.5,2) alloys. Crystal structures of 


the main phase for the alloys varied from Th 2 Zn 17 (*=0-1) 
to TbCu 7 (* = 1.5), and ThMn 12 type (*=2), with the increase 
of vanadium content. A negligible amount of a-iron is ob¬ 
served in all alloys of *=0-2, and the SmFe 2 phase is ob¬ 
served for alloys of *=1.5 and 2. This is explained by the 
fact that iron-rich TbCu 7 and ThMn ]2 phases compared to the 
Th 2 Zn 17 phase appear with accompanying samarium-rich 
SmFe 2 phase in highly vanadium substituted alloys. The 
composition of the TbCu 7 -type phase for the Sm 2 Fe 155 V, 5 
alloy is estimated to be Sm 10il (Fe,V)g 99 from the analysis by 
EPMA, and is found to be nearly the same as that reported 
elsewhere. 6 Sm 2 Fe 17 _ x V x alloys were all nitrogenated at 823 
K for 4 n, resulting in the expansion of the crystal lattice 
without a change in structure. 

Figure 2 shows the coercivity of nitrogenated 
Sm 2 Fe 17 _ x V x N y alloy powders as a function of * value. It is 
found that H cJ is strongly dependent on the value of * for 
these alloys. The value of 120 kA/m is obtained for the pow¬ 
der of *=1.5 which is not finely ground. In particular, the 
nitrogenation conditions for SmiFe^V] 5 alloys were varied 
in order to study their magnetic properties. 

Figure 3 shows x-ray diffraction patterns of 
Sm 2 Fe 155 V| 5 N y alloys nitrogenated at 773-848 K for 4 h. 
Nitrogen contents of these alloys are also shown in the fig- 



FIG. 1. X-ray diffraction patterns of Sm 2 Fe 17 _ I V I (.* =0,0.5,1,1 5,2) alloys 
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FIG. 2. Coercivity of Sm 2 Fe 17 _ i V t N ) , alloy powders nitrogenated at 823 K 
for 4 h as a function of x value. 


ure. Renection peaks of the TbCu 7 -type phase are shifted 
toward the lower angle and are broadened with increasing 
temperatures and the peaks of the SmFe 2 phase are sup¬ 
pressed by the nitrogenation. Nitrogen contents of these al¬ 
loys are considerably higher than those of Sm 2 Fe 17 N 3 _,5 al¬ 
loys nitrogenated by N 2 gas. In addition, it was found that 
nitrogen contents of an ingot of 7X7X7 mm in dimension 
were as high as those of powders prepared by similar nitro¬ 
genation conditions. Nitrogen atoms are thought to be dif¬ 
fused into the lattice and crystal boundaries. Heat treatment 
is performed in order to help diffusions of nitrogen atoms, 
because the distribution of nitrogen atoms in coarse powders 
compared to fine powders is thought to be heterogeneous . 7 

Figure 4 shows the coercivity of Sm 2 Fe 15 5 V, s N y pow¬ 
ders annealed at 823 K for 2-16 h after nitrogenation at 
773-848 K for 4 h. It is found that annealing after nitroge¬ 
nation remarkably enhances the coercivity. H cJ of nitroge¬ 
nated powders before annealing increases with increasing ni¬ 
trogenation temperatures and has a value of 116 kA/m for 
848 K, where the x-ray diffraction peaks are fairly broadened 
and the crystal perfection is lowered as shown in Fig. 3. The 
annealing time also affects the coercivity which increases 
with time. The highest value in H cJ of 330 kA/m is obtained 
for the powder annealed at 823 K for 16 h after nitrogenation 



FIG 3 X-ray diffraction patterns of Sm,Fe 155 V 15 i\ alloys nitrogenated at 
773-848 K for 4 h 



Annealing Time (h) 

FIG. 4. Coercivity of SmjFejssV, 5 N } , powders annealed at 823 K for 2-16 
h after nitrogenation at 773-848 K for 4 h. 


at 823 K for 4 h. High H cJ is also obtained for the 7X7X7 
mm ingot as denoted by V in the figure. The reason for the 
decrease in H cJ after the annealing of the powder nitroge¬ 
nated at 848 K is due to an acceleration of a decomposition 
of the principal TbCu 7 phase. The distribution of nitrogen 
atoms in particles by EPMA observation showed little 
change during annealing. The effect of annealing on the co¬ 
ercivity is now under study. 

Figure 5 shows the hysteresis loop and magnetization 
curve of anisotropic Sm 2 Fe 155 V 15 N y powder with 20-74 
fim particles nitrogenated at 823 K for 4 h and annealed at 
823 K for 16 h. As shown in the figure, H cJ of 342 kA/m 
(4.3 kOe) and a remanence of 1.08 T are obtained from the 
coarse powder. Little change in particle size of the powder 
after the nitrogenation was observed, however, a few cracks 
on the surface of the particles were observed by SEM. A 
feature characteristic of pinning is observed in the magneti¬ 
zation cun e of the present compound. This is distinct from 
the behavio of Sm 2 Fe 17 N 3 although the reason for this dis¬ 
tinction is not yet clear. 

Figure 6 shows the dependence of H cJ for 
Sm 2 Fei 5 5 V| 5 N y and Sm 2 Fe 17 N 3 powders on particle size. 
Sm 2 Fe 15 5 V) 5 N y particles were prepared by sieving the nitro¬ 
genated and annealed powders with 20-150 fim particles, 
while 1-3 fim particles were prepared by grinding using a 
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FIG. 5. Hysteresis loop and magnetization curve of anisotropic 
Sm 2 Fej 5 5 V 15 N y powder nitrogenated at 823 K for 4 h and annealed at 823 
K for 16 h. 
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FIG. 6. Dependence of H cJ of Sm 2 Fe 1 5 S V 1 ^N,, and Sm 2 Fe 17 N 3 powders on 
particle size. 

jet mill after annealing. The data of Sm 2 Fe 17 N 3 particles pre¬ 
pared by the authors were reproduced from Ref. 8. Both 
powders show high coercivity for particles of 1-3 /zm. An 
increase in H cJ for the fine particles can be explained by the 
behavior of single magnetic domain particles. 9 On the other 
hand, the values of H cJ for Sm 2 Fe 15 5 Vj 5 Nj, are several times 
higher than those for Sm 2 Fei 7 N 3 for the particles of 20-150 
/xm t and are not affected by particle size. 

Figure 7 shows the microstructure of nitrogenated and 
annealed Sm 2 Fe 15 5 V 1 jN^ powder as observed by SEM. The 
particles have polycrystalline structure with 10-30 /im 
grains, and show laminated structures with submicron spaces 
which are not observed before nitrogenation. These micro¬ 
structures are one possible reason of the high coercivity. 

CONCLUSION 

Crystal structures of Sm 2 Fe 17 _ x V J( alloys changed as a 
function of vanadium content ( x ). Among nitrogenated 
Sm 2 Fe 17 _ x V x N y alloys, Sn^Fe^jV^Nj, alloy powder with 
TbCu 7 -type structure absorbed more than 4 wt % of nitrogen, 
and showed H cJ of 342 kA/m (4.3 kOe) without fine grind¬ 



FIG. 7. SEM picture of nitrogenated and annealed Sm 2 Fe 15 5 V 15 N y powder. 

ing. A feature characteristic of pinning was observed in the 
magnetization curve of the coarse powder, although this kind 
of pinning could not be observed in the behavior of 
Sm 2 Fe 17 N 3 . 
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Intermetallics compounds Dy 2 Fe 17 C t (*=1.5,2.0,2.5,2.8) and Tb 2 Fe 17 Q (x=1.5,2.0,2.5) have been 
successfully prepared by the melt-spinning method. The x-ray-diffraction patterns and the 
thermomagnetic curves show that they are single phase with the rhombohedral Th 2 Zn 17 -type 
stmcture, except for Dy 2 Fe 17 C i8 and Tb 2 Fei 7 C 25 which have a small percentage of ar-Fe. 57 Fe 
Mossbauer spectra were measured at 12 K and room temperature to study both the magnetic 
properties of RjFepC* on a local scale and the effect of the interstitial C atom on the Fe atoms. It 
is found that the effective hyperfine fields of the various Fe sites decrease in the order 
6c>18 f>Wt>9d. The average effective hyperfine fields H clf at 12 and 293 K do not change much 
with C concentration * in agreement with the moment of the Fe atoms obtained by magnetic 
measurements at 1.5 K. It can be concluded that the effect of C is to enhance the exchange 
interaction between Fe-Fe atoms, which is sensitive to the distance of Fe-Fe atoms. The C has little 
influence on the moments of Fe atoms. 


I. INTRODUCTION 

Introduction of interstitial nitrogen or carbon atoms into 
R 2 Fe 17 intermetallic compounds results in a significant im¬ 
provement of the magnetic properties of these compounds. 
The carbides R 2 Fe 17 Q (x«2.5), prepared by a gas-solid re¬ 
action, have unit-cell volumes about 6.5% larger, Curie tem¬ 
peratures of 760 K, and room-temperature anisotropy fields 
of 15±0.5 T. 1 These carbides are promising new materials 
for applications as permanent magnets, however, their draw¬ 
back is high-temperature unstability. In our previous work 
we have discovered that the carbides R 2 Fe l7 C x with high 
carbon concentration can be prepared by melt spinning. The 
melt-spun R 2 Fe 17 C, compounds were found to be stable at 
high temperature and to retain the Th 2 Zn 17 -type or 
Th 2 Ni 17 -type structure up to at least 1273 K. We have suc¬ 
cessfully obtained the melt-spun R 2 Fe 17 C x (R=Y, Gd, Tb, 
Ho, Er, and Tm; *=0-3.0) compounds and systematically 
studied their structure and magnetic properties. 2 ' 5 In this ar¬ 
ticle, we report the Mossbauer effect spectra of R 2 Fe 17 C^ 
(R=Tb, Dy, * = 1.5,2,0,2.5,2.8) compounds prepared by melt 
spinning. 


II. EXPERIMENT 

Iron and carbon were first arc melted into Fe-C alloys, 
and then R, Fe, and Fe-C alloy were melted, by arc melting 
in an argon atmosphere of high purity, into homogeneous 
buttons with the compositions R 2 Fe 17 Q. (R=Tb, Dy, 
1.5s*s«2.8). For homogeneity the ingots were melted sev¬ 
eral times. The purities of the elements used were at least 
99.9% After arc-melting, the ingots were melt spun under a 
high-purity argon atmosphere on the surface of a rotating 
copper wheel. The quenching rate was varied by changing 
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the surface velocity of the copper wheel between 0 and 47 
m/s. The ribbons obtained were about 1 mm wide and 20-30 
fim thick. 

X-ray-diffraction measurements were performed on the 
melt-spun ribbons using Co Ka radiation to identify the 
phase components and determine the crystallographic struc¬ 
ture. The Curie temperatures were determined from the tem¬ 
perature dependence of the magnetization measured in a vi¬ 
brating sample magnetometer in a magnetic field of 1 kOe. 

The 57 Fe Mossbauer spectra were recorded using a 
constant-acceleration spectrometer (Oxford MS-500) in 
transmission geometry with a 57 Co source. Temperature con¬ 
trol to better than ±0.1 K was achieved by the use of a 
proportional temperature controller. The data were analyzed 
using a least-squares-fitting program. 

III. EXPERIMENTAL RESULTS AND ANALYSIS 

X-ray-diffraction experiments show that the cast com¬ 
pounds R 2 Fe 17 C x (R=Tb, Dy, 1.5^*^2.8) are single phase 
with the rhombohedral Th 2 Zn 17 -typc structure. Table I lists 
the lattice parameters, unit-cell volumes, Curie temperatures, 
and M s . The addition of C to the R 2 Fe 17 leads to an expan¬ 
sion of the unit cell. The Tb 2 Fe| 7 C 2>5 compound has a unit¬ 
cell volume about 5.6% larger than that of Tb 2 Fe 17 . For 
Dy 2 Fe 17 C 2g the unit-cell volume expansion is about 6.3% 
compared with the carbon-free compound. The T c of these 
compounds is found to increase with increasing C concentra¬ 
tion. It is commonly assumed that the Curie temperature of 
rare-earth-iron compounds is determined by the Fe-Fe, 
R-Fe, and R-R interactions. In general, the Fe-Fe interaction 
is dominant, the R-R interaction is negligible, and the influ¬ 
ence of R-Fe interaction yields the difference in T c among 
the different rare-earth compounds. The increase in Curie 
temperature of the carbides or nitrides is mainly due to the 
increase in the Fe-Fe ferromagnetic interaction which results 
from the increased interatomic distance produced by the car¬ 
bon or nitrogen. 
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TABLE I. Structure and magnetic data for Tb 2 Fe, 7 C Jt and Dy 2 Fe, 7 C x . 


Compounds 

a (A) 

c (A) 

V (A 3 ) 

AV/V (%) 

T c (K) 

M s (n B ) 

Dy 2 Fe 17 “ 

8.767 

8.312 

516.0 


367 b 


Dy 2 Fe 17 C, 5 

8.621 

12.454 

804.6 

4.0 

578 

15 4 

Dy 2 Fe, 7 C 20 

8.645 

12.449 

814.6 

5.2 

626 

16.1 

Dy^epC^ 

8.669 

12.585 

820.1 

6.0 

680 

15 0 

Dy 2 Fe 17 C, 8 

8.667 

12.613 

822.5 

6.3 

676 

17.0 

Tb 2 Fc )7 * 

8.473 

8.323 

517.5 


404 b 


Tb 2 Fe| 7 C, 5 

8.643 

12.465 

806.4 

3.9 

610 

16.4 

Tb 2 Fei 7 C>2.o 

8.664 

12.536 

814.9 

5.0 

656 

17.4 

Tb2FenC>2.5 

8.680 

12.559 

819.5 

5.6 

698 

23.6 


“Reference 6. 
b Reference 7. 


The 57 Fe Mossbauer spectra of Dy 2 Fe 17 C x (x = 1.5,2.0, 
2.5,2.8) and Tb 2 Fe 17 C t (x =1.5,2.0,2.5) at 12 and 293 K are 
shown by dots in Figs. 1 and 2. There are four crystallo- 
graphically nonequivalent Fe sites, denoted in Wyckoff no¬ 
tation by 6c, 9 d, 18/, and 18 h for the Th 2 Zn 17 structure type. 
However, when the easy magnetization direction is perpen¬ 
dicular to the c axis, the spectra consist of more than four 
independent subspectra. Owing to differences in angle be¬ 
tween the magnetization direction and the direction of the 
principal axis of the electric-field gradient tensor, the crystal- 
lographically equivalent iron atoms of a given subgroup will 
become magnetically nonequivalent. 8 In addition, the mag¬ 
netic dipolar fields also make the situation complex. Accord¬ 
ing to a calculation of the field gradients by means of a point 
charge model and calculations of the magnetic dipole field, 
the 2:17 compounds with magnetization direction perpen¬ 
dicular to the c axis should be analyzed in terms of seven 
independent subspectra. However, for Dy 2 Fe 17 C 28 and 
TbiFepCoj we use eight subspectra to count in the a-Fe 
contribution. 


T=293K T=12K 



FIG 1. 57 Fe Mossbauer spectra of Dy,Fe, 7 C, at 12 and 293 K. The solid 
curves are fits to the spectra 


For Dy 2 Fe, 7 C x and Tb 2 Fe 17 C x a further subdivision of 
the 18/, ISh, 9d sites into two groups with a relative inten¬ 
sity ratio of 1:2 is assumed. The relative intensity ratios for 
each of the spectral components were constrained to 
6:6:12:6:12:3:6, corresponding to 6c, 18/,, 18/ 2 , 18/* x, 
18 h 2 , 9d r , and 9 d 2 in the crystal structure. Relative areas of 
the lines in each sextet were constrained in the ratio 
3:2:1:1:2:3, as is required for a randomly oriented power 
sample. Different linewidths were used for the inner, middle, 
and outer pairs lines. To assign the subspectra to the various 
sites, we refer to our previous S7 Fe Mossbauer studies of 
E^FcpC^. Below the spin-reorientation temperature T sr , 9 it 
was found that acceptable fits can be obtained by assuming 
that the hyperfine fields decrease in the order of 6c >18/ 
>18/j>9d. Therefore, we analyzed the spectra of 
Dy 2 Fe 17 C x and Tb 2 Fe 17 C x in the same way. 

The results of the fitting procedure are shown by the 
solid curves in Figs. 1 and 2. The average hyperfine fields are 
weighted by the contribution of the various sites. The aver¬ 
age hyperfine fields of Dy 2 Fe 17 C x and Tb 2 Fe 17 C x at 12 and 
293 K are plotted as a function of C content in Fig. 3 which 
illustrates that the hyperfine fields are almost independent of 
C content. For Dy 2 Fe ]7 C t , H cff even shows a small decrease 
as the C concentration increases. It has been found that the 


T=293K T = 12K 



Velocity (mm/s) 


FIG. 2. 57 Fe Mossbauer spectra of Tb 2 Fe 17 C I at 12 and 293 K. The solid 
curves are fits to the spectra. 
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FIG. 3. Dependence on C content x of the average hyperfine field for 
Dy 2 Fe 17 C x and Tb 2 Fe, 7 C x . 

average hyperfine fields are nearly proportional to the aver¬ 
age iron moment. 10 This indicates that the interstitial C atom 
has little influence on the iron moment. This conclusion 
agrees with our previous magnetic studies on the R 2 Fe 17 C x 
compounds, which showed that the saturation magnetization 
M s , at 1.5 K does not change much with increasing C con¬ 
centration. This situation is different for R 2 Fe 17 N x . obtained 
by gas-solid interaction, in which interband electron transfer 
is believed to occur, 11 the iron moments increase with the 
nitrogen, and the average hyperfine fields are approximately 
4 T larger in the parent alloy. This indicates that the influence 


of interstitial C atoms on the Fe sublattice is different from 
that of N atoms due to their different electronic configura¬ 
tion. Nitrogen has a larger electronegativity than that of car¬ 
bon. 
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Magnetic properties of Tm 2 Fe 17 C x (0^x^2.8) compounds prepared 
by melt spinning 

Bao-Gen Shen, Lin-Shu Kong, Lei Cao, Hua-Yang Gong, Fang-Wei Wang, 

Zhao-Hua Cheng, and Jian-Gao Zhao 

State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, 

Beijing 100080, People’s Republic of China 

The formation, structure, and magnetic properties of Tn^FenC* compounds with*=0,0.5,1.0,1.5, 
2.0, 2.5, and 2.8 were studied. The samples with *=£1.0 were arc melted and heat treated at 1370 K 
for 14 h. The carbides were prepared by melt spinning at appropriate quenching rates of Oj=10-20 
m/s for 1.5=£*=£2.5 and by the crystallization from corresponding amorphous for *=2.8. X-ray 
diffraction and thermomagnetic measurements show that all samples studied are single phase with 
the hexagonal Th 2 Ni 17 -type structure except for Tn^FenC^ 8 , which contains a few percent of a-Fe. 
The lattice parameters a,c and the unit-cell volumes v increase as the carbon concentration * 
increases. The Curie temperature is found to rise with * from 260 K for *=0 to 669 K for *=2.8. 
The saturation magnetization M s at 1.5 K is found to be 92.2-97.1 emu/g as * varies from 0 to 2.8, 
and the carbon concentration dependence of the Fe moment is approximately constant 
(2.12±0.04/x B ). The spin-reorientation transitions are observed. The spin-reorientation temperature 
is found to increase with the carbon concentration for*=£l.5, and then has a slight decrease with * 
for *>1.5. 


I. INTRODUCTION 

In previous works 1-3 we have shown that the interstitial 
carbides R 2 Fei 7 C t: with higher carbon concentration can be 
prepared by the melt-spinning method. These carbides are 
found to be single phase up to carbon concentration *=2 for 
R=Y and Gd and *=2.8 for R=Dy, Ho, and Er. As com¬ 
pared with the carbon-free parent compounds, the unit-cell 
volume expansion in the carbide with *=2.8 is about 
6%-7% and the Curie temperature increase is about 400 K, 
which are comparable to those of corresponding nitrides or 
carbides produced by solid-gas reaction. It is notable that the 
R 2 Fe 17 Q compounds obtained by melt spinning are stable at 
high temperatures at least up to 1000 °C. 1-3 We have re¬ 
ported the formation, structure, and magnetic properties of 
R 2 Fe 17 C x (R=Y, Gd, Tb, Dy, Ho, and Er) compounds. 1-5 For 
Tm 2 Fe 17 C_,. with *=£1.4, a number of investigations have 
beer made, however, when the carbon concentration * is 
higher than 1.5, the carbides have not been investigated in 
detail because the interstitial carbon concentration is limited 
to about *=1.5 by arc melting and is not well controlled by 
a gas-solid-phase interstitial modification. In this article, the 
structure, intrinsic magnetic properties and spin reorientation 
are reported for melt-spun Tm 2 Fe 17 C x compounds with the 
higher carbon concentration of up to *=2.8. 

II. EXPERIMENT 

Iron (99.9% in purity), thulium (99.9%), and Fe-C alloy 
(99.8%) were melted by arc melting in an argon atmosphere 
of high purity into homogeneous buttons with composition 
Tm 2 Fe 17 C_ l (x=0, 0.5,1.0, 1.5, 2.0, 2.5, and 2.8). The alloys 
were melted several times to ensure homogeneity. After 
melting, the ingots with *=£1.0 were then annealed in a steel 
tube in a highly purified argon atmosphere at 1370 K for 14 
h, resulting in the formation of single-phase compounds of 
the 2:17-type structure, while for *>1.5 the ingots of about 3 


g were melt spun on the outside of a copper wheel rotating 
with the surface speeds of 0-47 m/s. Ribbons about 1 mm 
wide and 20-30 fim thick were produced. X-ray-diffraction 
measurements were made to determine the single-phase and 
crystallographic structure. The magnetizations at 1.5 and 300 
K were measured by using an extracting sample magnetome¬ 
ter with a field up to 65 kOe. The Curie temperatures were 
determined from the temperature dependence of the magne¬ 
tization measured by using a vibrating sample magnetometer 
under a field of 1 kOe. The spin-reorientation temperatures 
were determined from the ac susceptibility versus tempera¬ 
ture curves measured at an ac magnetic field of less than 
1 Oe. 


III. RESULTS AND DISCUSSION 

X-ray-diffraction measurements show that the arc- 
inelted ingots Tm 2 Fe 17 C f with *=£1 are single phase with a 
hexagonal Th 2 Ni J7 -type structure. When the carbon concen¬ 
tration * is greater than 1.5, the Tm 2 Fe 17 C x ingots show a 
multiphase structure with a-Fe coexisting with the rare-earth 
carbides and the 2:17 phases. The amounts of a-Fe phase 
increase with increasing carbon concentration and become a 
majority for *>2.0; however, the single phase of Tm 2 Fe 17 C x 
with 1.5=£*=£2,5 can be obtained by melt spinning. The as- 
quenched samples revealed a hexagonal Th 2 Ni ]7 structure. It 
is found that the formation of the single-phase Tm 2 Fe 17 C x is 
sensitive to the quenching rates. The optimal quenching rates 
are only a relatively narrow range of 10-20 m/s. For *=2.8, 
the preparation of single-phase compound is difficult by di¬ 
rect quenching; however, the sample of almost single phase 
can be obtained by the crystallization from a corresponding 
amorphous Tm 2 Fe 17 C 28 alloy prepared at a speed of 47 m/s. 
Figure 1 shows the example of the x-ray-diffraction patterns 
with QoKa radiation for the Tm 2 Fe 17 C x compounds with 
*=0.5, 1.5, and 2.8. 
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FIG. 1. X-ray-diffraction patterns of Tm 2 Fe 17 C x with j: =0.5, 1.5, and 2.8. 

The lattice constants and unit-cell volumes of 
Tm 2 Fe 17 Q compounds are listed in Table I. Both lattice pa¬ 
rameters a and c, and the volumes v dilate upon carbonation 
and rise monotonically with increasing carbon concentration, 
which is consistent with the reported results for the melt- 
spun R 2 Fe 17 Q with R=Dy, Ho, and Er.'~ 3 The relative cell 
volume increase Ai >/v is 1.0%-6.8% as jc increases from 0.5 
to 2.8, also shown in Table I. For *=2.8 the value of A v/v is 
comparable to that of the corresponding nitrides or carbides 
produced by gas-solid reaction. 6 

Curie temperature T c of Tm 2 Fe 17 C x were determined 
from the temperature dependence of magnetization measured 
at a field of 1 kOe. As an example, the magnetization versus 
temperature curve for *=2.8 is shown in Fig. 2. Values of T c 
are listed in Table I. T c is found to rise remarkably with 
increasing carbon concentrations. When x =2.8, T c is about 
400 K higher than that of the parent compound Tm 2 Fe 17 . In 
rare-earth Fe-rich compounds, the Curie temperature de¬ 
pends mainly on the exchange interactions between Fe-Fe 
atoms, which is sensitive to the distance between Fe-Fe at- 



FIG. 2. Temperature dependence of the magnetization measured in a field of 
1 kOe for TmjFcpCjg. 


oms. The increase of Curie temperature with x demonstrates 
that the introduction of interstitial carbon atoms results in the 
increase of Fe-Fe interactions in Tm 2 Fe 17 C x . It seems rea¬ 
sonable to suggest that the volume expansion has an essential 
effect on the Curie temperature, 4 

The saturation magnetizations M s ( 1.5 K) and M s {300 K) 
measured by using an extracting sample magnetometer in a 
field of 65 kOe at 1.5 and 300 K, respectively, are also sum¬ 
marized in Table I. The M s ( 1.5 K) of Tm 2 Fe 17 C r is found to 
be 92.2-97.1 emu/g, as x varies from 0 to 2.8. A small effect 
of the interstitial carbon atoms on the M s { 1.5 K) is observed. 
The antiparallel coupling between the rare-earth spin mo¬ 
ment and the Fe moment for heavy-rare-earth compounds 
leads to ferrimagnetism. For Tm 2 Fe 17 C^, the saturation mo¬ 
ment fi j can be expressed as 

M s = 17/z Fe -2/A Tm , (!) 

where /u Fe and /z Xm are the Fe and Tm magnetic moments, 
respectively. The y/, Im can be assumed to be l/x B , which is 
the moment of a free Tm 3+ . According to Eq. (1), the Fe 
magnetic moment is obtained, as shown in Table I. The yu Fe 
is found to be 2.12±0.04/t B , being almost independent of 
carbon concentration. 

The room-temperature saturation magnetization Af s (300 
K) is found to increase with increasing carbon concentration 
for *ssl.5, then has an approximately constant value of 
123.4 emu/g for *2*1.5. The increase of the A/ s (300 K) at 
lower carbon concentration is due to the enhancement of the 
Curie temperatuie which shifts the thermomagnetization 
curve to higher temperature. 


TABLE I. Structure and magnetic parameters of Tm 2 Fe l7 0, with 0 «at=£2.8. 


Composition 

a 

(A) 

c 

(A) 

V 

(A 3 ) 

Au/o 

(%) 

T c 

(K) 

M,(300 K) 
(emu/g) 

AMI.5 K) 
(emu/g) 

A* 

Ms) 

Afc 

Mb> 

Ty 

(K) 

Tm 2 Fe 17 

8.422 

8.278 

510.9 


260 

80.7 

92 7 

21.36 

2.08 


Tm 2 Fc 17 Co5 

8.469 

8.308 

516.0 

1.0 

432 

108.0 

95 6 

22.13 

2.13 

144 

Tm 2 Fe 17 C l0 

8.499 

8 341 

521.8 

2.1 

517 

1110 

97.1 

22.59 

2 15 

178 

Tm 2 Fe 17 C 15 

8.546 

8.351 

528.2 

3.4 

558 

124.0 

94.7 

22.13 

2.13 

216 

Tm 2 Fe| 7 C2 0 

8.567 

8.348 

532.9 

43 

604 

123 1 

93.8 

22.02 

2.12 

221 

Tm 2 Fc, 7 C, 5 

8.617 

8.406 

540.5 

5.8 

624 

123 9 

92.2 

21.74 

2.10 

209 

Tm,Fe, 7 C2, 

8.640 

8.443 

545.8 

6.8 

669 

122.7 

95.4 

22.55 

2.15 

208 
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FIG. 3. Temperature dependence of the ac susceptibility of Tm 2 Fe 17 C I with 
je=2.0 and 2.8. 


The spin reorientation in Tm 2 Fe 17 Q is observed from 
the measurements on ac susceptibility versus temperature 
curves. Examples of these measurements are shown in Fig. 
3. The spin-reorientation temperatures T sr are summarized in 
Table I and Fig. 4. Figure 4 also presents the experimental 
data reported by Zhao et al? and Gubbens et al. s for com¬ 
parison. It is known that the spin reorientation in the rare- 
earth-iron compounds generally results from the competing 
anisotropies with different temperature dependence for the 
rare-earth and iron sublattices. The introduction of carbon 
atoms (xsSl.5) into Tm 2 Fe 17 leads to the enhancement of 
spin-reorientation temperature. This demonstrates that the 
Tm sublattice anisotropy has a strong enhancement for 
x^l.5. When the carbon concentration x is richer than 1.5, 
the T s , is found to decrease slightly, indicating that the Tm 
sublattice anisotropy has a little change at higher carbon con¬ 
centration. 



FIG. 4. The spin-reorientation temperature of TmjFcpC* as a function of 
carbon concentration x: (•) present results; other data arc taken from (O) 
Zhao el al. (Ref. 7) and (3) Gubbens et al. (Ref. 8). 
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Kerr microscopy observation of carbon diffusion profiles in Sm 2 Fe 17 C x 

J. Zawadzki, 3 * P. A. P. Wendhausen, B. Gebel, A. Handstein, D. Eckert, and K.-H. Muller 

Institut fur Festkorper und Werkstofforschung Dresden, D-01171 Dresden, Germany 

The effect of carbon diffusion from CH 4 gas into coarse Sm 2 Fe 17 powder on the magnetic domain 
structure (MDS) was studied at room temperature by means of the magneto-optical polar Ken- 
effect. The diffusion occurs initially along preferential paths and then through the bulk. A gradual 
variation in the MDS through incompletely carburized grains was observed, which reflects local 
changes in spontaneous magnetization and magnetic anisotropy. This suggests the existence of 
smooth “bathtublike” carbon concentration profiles. An acceleration of the carburization process 
caused by cracking of grains during the diffusion was observed. The diffusivity R of carbon in 
Sm 2 Fe 17 at 450 °C was estimated to be 2.5X10“ 16 m 2 /s. For Sm 2 Fe !7 C 22 the domain-wall energy 
density is y=3.1XlO” 2 J/m 2 , the derm ,.i-wall thickness <5=3.3 nm, the single-domain particle size 
D c «0.3 fim, and the exchange constant A =8.1X10” 12 J/m. 


I. INTRODUCTION 

Recently much attention has been focused on the ternary 
interstitial Sm 2 Fe 17 Z^ (Z=N,C) phases with rhombohedral 
Th 2 Zn 17 -type crystallographic structure. Sm 2 Fe 17 Z* com¬ 
pounds can be formed, e.g., by melting processes in the case 
of carbon 1 or by heating Sm 2 Fe 17 powder in nitrogen- or 
carbon-containing gases at elevated temperatures. They have 
excellent intrinsic magnetic properties, which can exceed 
those of Nd 2 Fe 14 B. 2-5 For instance, by absorbing carbon the 
Sm 2 Fe 17 compound changes its magnetic anisotropy from 
planar to uniaxial, connected with an anisotropy field up to 
about 16 T. 4 Simultaneously, a substantial increase of the 
Curie temperature from 389 K up to about 700 K is ob¬ 
served. Nitrogen has a similar or even more pronounced ef¬ 
fect on the magnetic properties of Sm 2 Fe 17 . Understanding 
of the coercivity mechanism in Sm 2 Fe 17 C* materials requires 
the knowledge of their microstructure as well as their mag¬ 
netic domain structure (MDS). Fundamental parameters con¬ 
trolling the nucleation as well as the pinning mechanism are 
the domain-wall width S, the wall energy density y, and the 
single-domain particle size D c . Until now, however, no in¬ 
formation on the MDS of Sm 2 Fe 17 C x has been available. 

This article focuses on the MDS in the Sm 2 Fe 17 C^ series 
and its evolution during the carburization process. 

II. EXPERIMENTAL DETAILS 

The Sm 2 Fe 17 alloy was prepared by melting elemental 
Fe with Fe-50 wt % Sm master alloy under argon in an in¬ 
duction furnace. The cast ingots were homogenized at 
1000 °C for one week in a sealed glass ampoule filled with 
argon. The structure and phase composition were examined 
by x-ray diffraction (XRD) using Co Ka radiation as well as 
by metallographic techniques. The homogenized ingots were 
coarsely crushed. Powder fractions with particle sizes from 
160 to 500 /xm and 30 to 60 /rm were used. The powder was 
then exposed to CH 4 gas at a pressure of 0.6 bar. The coarse 
powder was carburized at 450 °C for 40,160, and 200 h. For 
comparison finer powder was carburized at 500 °C for 96 h 


'’On leave from. Institute of Physics, Polish Academy of Sciences, At Lot- 
nikow 32/46, 02-668 Warsaw, Poland. 


to get a high carbon content. After these heat treatments the 
following nominal carbon contents were obtained: jc^O. 8, 
1.2,1.3, and x^l.2 {x being the number of carbon atoms per 
formula unit). The amount of absorbed carbon was checked 
by the combustion method with C0 2 determination. After 
carburization the powders were examined by XRD. An addi¬ 
tional phase analysis of the carburized powders was also per¬ 
formed by thermomagnetic measurements. For magneto¬ 
optic investigations powders were embedded in epoxy resin. 
These specimens were polished using emery papers and dia¬ 
mond pastes. The MDS observations were performed at 
room temperature with polarized light in a Jenapol micro¬ 
scope equipped with a high-resolution camera and an image 
analyzer. The domain contrast was provided mainly by the 
magneto-optical polar Kerr effect, which depends on the 
component of magnetization normal to the surface. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the typical temperature dependence of 
magnetic polarization (measured at a small magnetic field) 
for Sm 2 Fe 17 Cj samples with different carbon contents x. For 
medium values of x the sharp magnetic transition of Sm 2 Fe 17 
at 120 °C is diminished and a small step appears near 
400 °C. For Sm 2 Fe 17 C 2 2 only one sharp transition is ob¬ 
served at 415 °C. Therefore, it can be assumed that in par- 



Temperoture ( °C ) 

FIG. 1. Thermomagnetic analysis of Sm 2 Fe 17 C, for different values of x 
(Applied field /jlqH=0.1 T, temperature sweep dTidi=20 K/min ) 
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FIG. 2. Development of carbon diffusion layers in Sm 2 Fe 17 after carburiza¬ 
tion for 40 h (nominal composition of the sample is Sm 2 Fe 17 Co 8 ). The 
laminar magnetic domains with strong Kerr contrast show the distribution of 
the uniaxial phase. 

dally carburized powders thin surface layers of the grains 
have a composition near to that of Sm 2 Fe 17 C 2 . 2 - 

The photographs show typical MDS for Sm 2 Fe 17 Q with 
nominal carbon contents *=0.8 (Fig. 2), *=1.2 (Figs. 3 and 
4), *=1.3 (Fig. 5), and *=2.2 (Fig. 6). Obviously the car¬ 
bon absorption has a strong influence on the MDS. In car¬ 
burized regions the MDS is that of a magnetically uniaxial 
compound with a large anisotropy field. Simple wavy or 
complex starlike MDS with spikelike closure domains (see, 
for instance, Figs. 3 and 5) were observed in some grains. 
This indicates that the c axis (magnetically easy direction in 
the carburized phase) is oriented nearly perpendicularly to 
the polished surface in these grains. Laminar or wedge do¬ 
mains appear in the carburized regions of grains with the c 
axis parallel or nearly parallel to their surface (upper-left- 
hand-side part of Fig. 3). The pure Sm 2 Fe 17 phase reveals 
sometimes a coarse irregular domain pattern typical for basal 
plane anisotropy magnets. The characteristic feature of the 
MDS in Sm 2 Fe 17 C x series is that the carburized regions show 


FIG. 4. Gradual change of the domain structure in a partially carburized 
grain (nominal composition of the sample is Sm 2 Fe l7 C] 2 ). 

a very strong Kerr contrast in opposition to the noncarbur- 
ized ones, where only a relatively weak contrast was ob¬ 
served. 

The distribution of domains characteristic for the 
uniaxial phase suggests that the carburization process is ini¬ 
tially controlled by grain-boundary diffusion and then by dif¬ 
fusion into the bulk of the grains. In the sample of nominal 
composition Sm 2 Fe 17 C 0 8 carburized regions were observed 
mainly along cracks and grain boundaries (see Fig. 2). At 
this stage, the grains consist of a carburized outer shell and a 
noncarburized core. Because of the higher diffusion rate 
close to sharp edges of the grains compared to round ones, 
the internal rim of the carburized shell became oval after 
some time. It shrinks then to the center, gradually decreasing 
the Sm 2 Fe 17 core and finally results in carburization of the 
whole grain (see Fig. 4). The inhomogeneous carbon diffu¬ 
sion can induce mechanical stress and strain resulting in 
cracks or even in decrepitation (see Figs. 2 and 3). This 
increases the surface area of the powder and makes the dif¬ 
fusion process more effective. For instance, Fig. 5 shows 
often-observe3 circular microcracks arising from inhomoge¬ 
neous stress profiles. 










FIG. 6. Starlike domain structure in a large grain with the magnetically easy 
direction perpendicular to the polished surface (nominal composition is 

StnjFei-jCj 7 ). 


Our observations of the MDS in Sm 2 Fe 17 C^ series sug¬ 
gest also that the carbide is rather a single gas-solid solution 
with a continuous range of carbon contents than a two-phase 
mixture of carbon-poor and carbon-rich phases. A gradual 
change of the MDS across the grains was observed in the 
Sm 2 Fe 17 powders heated under CH 4 atmosphere for 160 and 
200 h. For instance, Fig. 4 shows the domain pattern in a 
grain with the c axis perpendicular to its polished surface. As 
can be seen the MDS becomes finer as the distance from the 
grain boundary increases. According to models of the MDS, 
developed for uniaxial materials, 6 assuming a constant crys¬ 
tallite thickness, the main domain width is approximately 
proportional to y' /3 j~ 2/3 ) where J s is the saturation polariza¬ 
tion. The domain-wall energy can be expressed as 
y=4(A/C 1 ) 1/2 , 7 where A and ( are exchange and anisotropy 
constants, respectively. Therefore, the decrease of the main 
domain width can be attributed to a diminution of A or K x in 
the regions with smaller carbon content. 

By determination of the carburized layer thickness d at 
initial stages of carburization the estimation of the diffusion 
rate is possible. The diffusivity R of carbon atoms of 450 °C 
was calculated according to the equation for the average dis¬ 
placement x of diffusing particles with the Brownian move¬ 
ment: R=x 2 /2t? where t is the carburization time. In our 


estimation we assumed x=d. In order to avoid the influence 
of geometrical effects of the grain size on the Sm 2 Fe 17 C x 
layer thickness, we considered only very big grains with flat 
edges. The value obtained is R=(2.5±0.5)XHT 16 m 2 /s, 
which is of the same order of magnitude as that reported in 
Ref. 2 for nitrogen. 

The wall energy density y was determined for a 
Sm 2 Fe 17 C 2 2 sample, in which all the grains were homoge¬ 
neously carburized. For this purpose the MDS in large grains 
with the easy axis normal (or almost normal) to the polished 
grain surface was analyzed. The Bodenberger-Hubert 
approach 9 was used for the analysis of the characteristic star- 
like surface domain patterns like those in Fig. 6. It can be 
shown that the average surface domain width w in the basal 
plane (perpendicular to the easy axis) for large grains in 
polycrystalline material is independent of the grain size and 
is given by w=fi 0 (3y/J 2 , where /3 is a geometrical factor 
depending on the type of surface domain structure. We 
adopted the value of (i as determined for uniaxial highly 
anisotropic materials in Ref. 9. We obtained an average sur¬ 
face domain width w of (0.93 ±0.09) /xm. Using a value of 
1.43 T for the saturation polarization J 5 S , this yields a wall 
energy y of (3.1±0.3)X10“ 2 J/m 2 . From this, the single¬ 
domain particle size, D c =5.67r/r. 0 y/J 2 , is D c **03 jim. The 
standard continuum model for a domain wall 7 gives in a first 
approximation the relations A = y/16AT, for the exchange 
constant and 8=iry/4K l for the domain-wall thickness. Us¬ 
ing the anisotropy constant K X =7A MJ/m 3 calculated from 
demagnetization curves 10 we obtained A - 8.1 X10' 12 J/m 
and 5=3.3 nm. 
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and Nd(TiFeCo) 12 N x alloys 

Shu-Ming Pan 

General Research Institute for Nonferrous Metals, CNNC, Beijing 100088, People’s Republic of China 

Hong Chen, Zu-Xiong Xu, and Ru-Zhang Ma 

Department of Materials Physics, University of Science and Technology Beijing, Beijing 100083, 

People’s Republic of China 

Ji-Lian Yang and Bai-Sheng Zhang 

Institute of Atomic Energy, Beijing 102413, People’s Republic of China 

De-Yan Xue, and Qiang Ni 

Shatoujiao New Materials Factory, Shenzhen 518081, People’s Republic of China 

The preference of nitrogen atoms in Nd(FeTi) 12 N x and Nd(FeTiCo) 12 N y alloys have been studied by 
neutron diffraction. The results show that Ti atoms are preferentially to occupy the 81 sites, but Co 
atoms enter the 8/ rather than the 81 site. Nitrogen atoms occupy the 2b sites in Nd(FeTi) 12 N x and 
Nd(FeTiCo) 12 N y . 


I. INTRODUCTION 

A ternary Fe-rich R(MFe) 12 (M=stabilizing elements) 
alloy with tetragonal ThMn 12 structure has been studied 
extensively. 1,2 The Curie temperature of SmTiFe n is lower 
than that of Nd 2 Fe 14 B and its lower saturation magnetization 
leads to the theoretical (B//) max of SmTiFe n only half that of 
Nd 2 Fe 14 B. 3 It is shown that Curie temperature, iron moment, 
and magnetocrystalline anisotropy increase drastically with 
the addition of nitrogen atoms. 4,5 RTiFe 12 N x compounds 
have been observed to possess different intrinsic magnetic 
properties from their original counterparts RTiFe n . 6 It has 
been shown that the Curie temperature of RTiFe,,N x in¬ 
creases by about 150-170 K and the Fe moment increases by 
17%. In particular, RTiFe u N x has an easy axis with a strong 
anisotropy field at room temperature for R=Nd, Tb, and Dy. 
Owing to the fact that the easy uniaxial anisotropy is a pre¬ 
requisite for a magnetic material with high coercive force, to 
understand the effects produced by nitriding it is necessary to 
investigate the crystallographic structures of these nitrides. 
The determination of the site occupation of nitrogen atoms is 
a key prerequisite to the calculation of the electronic struc¬ 
ture or crystal-field interactions in the nitrides. For this rea¬ 
son, we have carried out a neutron-diffraction and Moss- 
bauer spectra study on the Nd(FeTi) 12 N* and 
Nd(FeTiCo) 12 N y alloys. 

II. EXPERIMENTAL DETAILS 

The samples used were prepared by arc melting of the 
high-purity (99.9%) primary materials under purified argon 
atmosphere. The buttons were melted at least three times to 
achieve homogeneity. Then the alloy buttons were smashed 
into powders. Nitrides were prepared by passing puried ni¬ 
trogen gas at atmospheric pressure over finely ground pow¬ 
der samples at 500 °C for 3 h and at sufficiently high rates of 
flow to ensure enough absorption of nitrogen, followed by 
rapidly cooling to room temperature. X-ray diffraction analy¬ 
sis was used to detect phase structure. Neutron-diffraction 
data were collected at room temperature. 


III. RESULTS AND DISCUSSION 

All the samples are of single phase except for a very 
little amount of rr-Fe coexistence found by x-ray diffraction 
analysis. The nitrides of RTiFe n were found to maintain 
their original tetragonal structure, space group 14/mmm, but 
with slight increases in cell volumes. This increase in lattice 
parameters is highly anisotropic (mainly in the basal plane). 

Neutron-diffraction measurements were performed on 
Nd(FeTi) 12 N x and Nd(FeTiCo)i 2 N > , alloys to determine the 
site occupation of nitrogen atoms. The results obtained from 
neutron diffraction data fit are listed in Tables I and II. li can 
be seen from Tables I and II that Ti atoms still prefer to 
occupy the 8 i sites in agreement with Ref. 6, but Co atoms 
enter the 8/ site rather than the 8i site. The occupation of 
nitrogen atoms in NdTi, i 2 Co 0 9 4 N y is the same as that in 
Y(TiFe) 12 N x , in which nitrogen atoms enter the 2b site. The 
quantities of nitrogen atoms entering interstitial position are 
*=0.43 and y=0.395 for Nd(FeTi) 12 N x and Nd(FeTiCo) 12 N y 
alloys, respectively. The position of the N atom was found to 
correspond to the 2b site of the tetragonal space group, 
which gives rise to noticeable displacements of the 8 j metal 


TABLE i. The structural paiamctcrs of Nd(FcTi) l2 N* from neutron- 
diffraction data The atomic coordinate parameters (in units of the cell con¬ 
stants a and c) arc x, y, z, n is the number of atoms on different sites; K, is 
the moment value (p B ) in the z direction; R is the consistent factor; R N and 
R SI arc quality-of-fit indices for the nuclear and magnetic scattering, respec¬ 
tively; X 2 is the residual value. 


Atom site 

X 

y 

z 

n 

K,(P-h) 

Nd (2a) 

0.0000 

0.0000 

0.0000 

2.000 

0.976 

Fc (8i) 

0.3544 

0.0000 

0 0000 

5.754 

2.120 

Ti <8i) 

0.3544 

0.0000 

0.0000 

2.246 

0.000 

Fe (8;) 

0.2661 

0.5000 

0.0000 

8 000 

1 920 

Fe(8 f) 

0 2500 

0.2500 

0 2500 

8.000 

1 720 

N (2b) 

0.0000 

0.0000 

0 5000 

0.860 

0000 

R (%) 




0 98 


R n (%) 




0.98 


Ru (%) 




0 89 


df. 




1.87 
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TABLE II. The structural parameters of NdTi, from 

neutron-diffraction data. 


Atom site 

X 

y 

z 

n 

Rz (Ab) 

K2 1 «) 

0.0000 

0.0000 

0.0000 

2.00 

1.20 

a (80 

0.3582 

0.0000 

0.0000 

5.58 

1.70 

Ti (8i) 

0.3582 

0.0000 

0.0000 

2.42 

000 

Fe (8 j) 

0.2837 

0.0000 

0.0000 

8.00 

1.50 

Fe(8 f) 

0.2500 

0.2500 

0.2500 

6.12 

1.30 

Co (if) 

0.2500 

0.2500 

0.2500 

1.88 

0.00 

N (2b) 

0.0000 

0.0000 

0.5000 

0.79 

0.00 

R (%) 




1.60 


R n (%) 




1.59 


Rm (%) 




1.74 


X 2 




1.08 



positions. The increase in T c and cell volume are in good 
agreement with the values reported in Refs. 2 and 7-9. The 
short metal-metal distances (between the 8/ sites) remain 
almost unchanged after N insertion and can be derived di¬ 
rectly from cell parameters. 

IV. CONCLUSION 

Neutron-diffraction analysis of Nd-(FeTi)-N and Nd- 
(FeTiCo)-N alloys has been performed. It was found that Ti 


atoms still prefer to occupy the 8i site, but Co atoms enter 
the 8/ rather than the 8 i site. The nitrogen atoms prefer to 
occupy the 2b site. 
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A series of iron-rich ternary intermetallics PrFe 12 _ x Mo x (*=0.5, 0.75, 1.0) and their nitrides have 
been prepared by arc melting, annealing at 1393 K and water quenching. A single-phase 
structure of the ThMn 12 type has been obtained for *=1.0 when annealed at 1345 K (with 
a-Fe<5%). The lattice constants are a=8.5978(2) A, c =4.7795(3) A. The alloys exhibit planar 
anisotropy, a Curie temperature of 498 K, and a room-temperature magnetization of 120.4 A m 2 /kg 
prior to the nitrogenation. After nitrogenation the anisotropy changes to uniaxial, the Curie 
temperature increases to 681 K, and the room-temperature magnetization becomes 136 A m 2 /kg. A 
lattice expansion corresponding to 2.4% of the cell volume is observed. In the *=0.5 and *=0.75 
alloys, a secondary 2:17 phase is also present, besides the l:12-type structure. The peritectic 
decomposition temperature is 1393 K for all samples. 


I. INTRODUCTION 

The ternary Fe-rich R-Fe-M alloys related to the tetrag¬ 
onal ThMn 12 -type structure, and especially their nitrides, 
have been extensively studied during the past few years as 
potential candidates for permanent magnet applications due 
to their relatively high Curie temperature, saturation magne¬ 
tization, and favorable magnetocrystalline anisotropy. 1 The 
tetragonal phase can be stabilized only by replacing iron with 
a small amount of a third element such as M=Ti, Mo, V, Cr, 
etc. 1 

One significant result of introducing nitrogen into the 
1:12 phase is the observed change in the magnetocrystalline 
anisotropy from planar for non-nitrided compounds to 
uniaxial for nitrided ones 2 due to the change of the second- 
order crystal-field parameter A 20 from negative to positive as 
in the case of Nd. 3 Among the light-rare-earth elements Pr 
has a negative aj like Nd. Thus the magnetic properties of 
Pr(Fe,Mo) 12 and Nd(Fe,Mo) 12 nitrides are expected to be 
similar; however, since it has been reported that Pr does not 
form the 1:12 phase 4 no attention has been paid to the syn¬ 
thesis of this compound. Recently Yang et al. 5 have reported 
the preparation of PrFe 10 . 5 Mo 15 and its nitride. Sun et al. 6 
have reported that the solubility range in the YFe 12 _ x Mo x 
system is 0.5 s ?**54.0. On the other hand, it has been shown 
that the intrinsic magnetic properties of RFe (2 _ x Mo x N y im¬ 
prove with decreasing Mo concentration, 6,7 Thus, we exam¬ 
ined the existence range of PrFe 12 _ x Mo x between 
0.5«*«1.0 and have succeeded in synthesizing at least the 
* = 1.0 member of the series in the form of the ThMn 12 -type 
structure. The structural and magnetic properties of the par¬ 
ent PrFe u Mo compound and the related nitride have also 
been studied. 

II. EXPERIMENT 

The PrFe 12 _ x Mo x (*=0.5, 0.75, 1.0) samples were syn¬ 
thesized by arc melting, with 5*99.9% pure constituents, in 
an argon atmosphere. The ingots were wrapped in tantalum 
foil, annealed in vacuum at various temperatures between 
1273 and 1393 K for 3 days and then water quenched. Ni¬ 


trides were formed by heat treating fine powders (<37 /tm) 
of the alloys in purified N 2 gas at 723 K for 12 h. The 
samples were characterized by x-ray powder diffraction 
(XRD) (Siemens D500, Cu Ka radiation with a diffracted- 
beam monochromator), Rietveld analysis, and thermomag- 
netic analysis (TGM). The magnetocrystalline anisotropy 
was studied by means of x-ray powder diffraction on mag¬ 
netically aligned powder samples. Magnetization curves 
were measured using a Quantum Design superconducting 
quantum interference device (SQUID) magnetometer with a 
maximum field of 5 T at room temperature. 

III. RESULTS AND DISCUSSION 

Alloys with the composition PrFe,,Mo (* = 1.0) can be 
prepared by arc melting and annealing at 1273, 1348, or 
1373 K. All annealed alloys present the ThMn 12 -type struc¬ 
ture with some a-Fe impurity (less than 10%). At 1393 K the 
1:12 phase almost disappeared due to a-Fe precipitation in¬ 
dicating that 1393 K exceeds the peritectic decomposition 
temperature of PrFe n Mo. The lowest a-Fe content was ob¬ 
tained after annealing at 1348 K for 3 days and was calcu¬ 
lated to be 5% by the Rietveld analysis. For this sample a 
complete crystallographic analysis was performed. The crys¬ 
tal structure parameters (unit-cell dimensions, atom posi¬ 
tions) for the sample with nominal composition PrFenMo 
were determined by applying the Rietveld refinement 
method 8 and using as starting structural parameters the ones 
given in Refs. 9 and 10. Following the procedure described 
in Ref. 9, it was concluded that the Mo atoms occupy the 8i 
site. The Mo atoms per formula unit were calculated as 
0.92(7), very close to the nominal value of * = 1.0. The iso¬ 
tropic thermal parameters B were kept constant during the 
refinement and equal to the values given in Ref. 10. The 
calculated a-Fe content is 5%wt. The lattice constants, 
atomic positions, and bond distances are listed in Table I. 
The Rietveld diffraction patterns (observed, calculated, and 
difference patterns) arc shown in Fig. 1. 

The Curie temperature of PrFe n Mo as determined by 
TGM was 498 K. No other ordering temperature was ob¬ 
served, except that of a-Fe. The room-temperature magneti- 
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TABLE I. Crystallographic data for PrFe u Mo compound (space group: /4/mmm). Unit-cell dimensions: 
<2=8.5978(2) A, c=4.7795(3) A, and V=353.31 A 3 . Agreement indexes ( R factors): R p = 6.67, 7?^= 11.65, 
R b =8A6, and /? ejfI =3.91%. 


Atom 

Site 

X 

y 

z 

Occupancy 

Pr 

2a 

0.0 

0.0 

0.0 

1.0 

Fe,/Mo, 

8t 

0.3618(3) 

0.0 

0.0 

0.77(1)/0.23(1) 

Fe ; 

8; 

0.2720(4) 

0.5 

0.0 

1.0 

Fe/ 

8/ 

0.25 

0.25 

0.25 

1.0 




Bond distances 



Pr-Fe, X 4 


3.111(3) 

F ; -Fe ; X2 


2.772(3) 

Pr-Fe ; x8 


3.091(2) 

-Fe r X4 


2.467(1) 

Fe,-FejX 1 


2.376(4) 

Fcy-Fe^x2 


2.391(4) 

-Fe,X4 


2.921(1) 




-Fe ; X 2 


2.623(3) 




-Fe j X2 


2.652(2) 




-Fe r X4 


2.640(1) 





zation at 5 T of PrFe n Mo is 120.4 A m 2 /kg. This value was 
deduced taking into account the a-Fe content, 5%, as calcu¬ 
lated from the Rietveld analysis. After nitrogenation the Cu¬ 
rie temperature increased by about 180 K reaching 681 K. 
The room-temperature magnetization of the nitride at 5 T 
reached a value of 136 A m 2 /kg (Fig. 2). Nitrogenation re¬ 
sulted in an increase of a-Fc content. The given magnetiza¬ 
tion value was calculated considering the a-Fe content, 15%, 
as found from preliminary Mossbauer spectroscopy. The 
unit-cell dimensions for the nitrided compound are 
a =8.649(2) A, c=4.835(3) A, and F=361.70 A 3 . The unit¬ 
cell expansion is 2.4% comparable to the other 1:12 nitrides 
leading to a value of y=l. The magnetization values confirm 
recent experimental observations that a lower Mo concentra¬ 
tion improves the magnetic properties of RFe 12 _^Mo x and 
their nitrides. 6,7 The Curie temperatures of PrFe u Mo and 
PrFenMoNj. are 43 and 41 K higher than those of 
PrFe 105 Mo 15 and PrFe^sMo^Nj,, respectively. 5 A similar 



FIG 1. Rietveld refinement patterns for the PrFe„Mo compound. The ob¬ 
served intensities are shown by dots and the calculated ones by the solid 
line. The position of the Bragg reflections are shown by small vertical lines 
below the pattern The line at the bottom indicates the intensity difference 
between the experimental and the refined patterns. 


improvement is observed in the saturation magnetization, 
i.e., 8.4 and 15.1 A m 2 /kg higher than those of PrFe 105 Mo! 5 
and PrFe| 0 5 Mo t sNy, respectively. 5 

In Fig. 3 the XRD spectra of the non-nitrided and ni¬ 
trided PrFeuMo compounds and the corresponding spectra 
of magnetically aligned powders, bounded on double-side 
tape with a magnetic field normal to the plane of the sample 
holder are shown. As shown in Fig. 3(b) the intensity of the 
(0 0 2) reflection of the aligned non-nitrided sample de¬ 
creases and the intensities of the (2 4 0), (0 3 1), (2 3 1), and 
(1 4 1) increase indicating planar anisotropy. The opposite 
behavior of the corresponding reflections was observed in 
the nitrided sample indicating uniaxial anisotropy [Fig. 3(d)], 
Such a change from planar anisotropy for the parent com¬ 
pound to uniaxial for the nitrided one has been observed in 
the case of the * = 1.5 compound as well. 5 This is probably 
due to the sign change of the second-order crystal-field co¬ 
efficient in the Pr site by analogy to Nd. 3,4 

The PrFe^-jMo* alloys with *=0.5 and *=0.75 were 
annealed at 1273, 1348,1368, and 1393 K. As found by both 
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FIG. 2. Room-temperature magnetization curves of randomly aligned pow¬ 
ders of PrFc n Mo before and after nitrogenation 
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FIG. 3. XRD spectra for (a) parent non-nitrided compound (PrFe,,Mo), (b) 
magnetically aligned compound (field normal to the plane), (c) nitrided 
compound (PrFe„MoN y ), and (d) magnetically aligned nitrided compound 
(field normal to the plane). 

XRD and TGM all annealed samples presented a mixture of 
the 1:12, 2:17, and a-Fe phases. Best results, i.e., minimum 
2:17 and a-Fe content, were observed at 1348 K and at 1368 
K for the *=0.5 and *=0.75 samples, respectively. After 
nitrogenation a mixture of 1:12 and 2:17 nitrides and a-Fe 


was observed. As in the case of the *=1.0 samples, anneal¬ 
ing at 1393 K of the *=0.5 and *=0.75 samples resulted in 
the precipitation of a-Fe. It was concluded that the peritectic 
decomposition temperature of PrFe^-jMo* is around 
1390 K. 

IV. CONCLUSION 

This work has demonstrated that useful properties of the 
derivatives of the ThMn 12 -type structure alloys such as 
PrFe n Mo studied in this work can be obtained by proper 
heat treatment and second transition-metal concentration. As 
in other ThMn 12 -type alloys nitrogenation enhances further 
the magnetization, Curie temperature, and anisotropy. To our 
knowledge this is the first time that the PrFe n Mo (*=1.0) 
and the related nitride have been synthesized and character¬ 
ized. It is expected that further improvement can be obtained 
concerning the system PrFe 12 _ Jt Mo x N > , (0.5^* =£1.0, y =0,1) 
by proper heat treatment and is part of our current work. 
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The permanent magnetic properties of isotropic and anisotropic powders of R(Fe,Mo) 12 N* 
compounds, where R=Pr and Nd, were investigated by using mechanical alloying and a 
conventional milling process. For the isotropic magnetic powders, a coercive force of up to 9 kOe 
and a maximum energy product of 6.6 MGOe were obtained in Nd compounds, while with the 
anisotropic powders a maximum energy product of 12 MGOe was achieved. In the isotropic 
Pr(Fe,Mo) 12 N l - compounds the best result were 4.5 MGOe for ( BH) m!lx and 6.0 kOe for l H c . The 
temperature dependence of coercive force has been investigated in a temperature range between 300 
and 500 K, and the results are reported in a comparison with that of Nd-Fe-B magnets. 


I. INTRODUCTION 

Findings of the nitrogenation effect on the magnetic 
properties of rare-earth intermetallic compounds have re¬ 
cently made a great progress in the field of hard magnetic 
materials. These important developments in magnetism and 
magnetic materials have shown that great improvements in 
the magnetic properties can be achieved by introducing in¬ 
terstitial nitrogen or/and carbon atoms. This is particularly 
important for permanent magnet materials, which require 
large values of magnetization, uniaxial anisotropy, high Cu¬ 
rie temperature T c , and coercivity at or above room tempera¬ 
ture. In 1990 the nitrides Sm 2 Fei 7 N x and Nd(Fe,M) 12 N,, 
where M-7i, V, Mo, W, etc., were discovered, 1,2 and the 
studies of the new hard magnetic materials based on RE-Fe 
nitrides spread worldwide. We have reported that for the 
RE-Fe nitrides having the ThMn l2 -type structure the intersti¬ 
tial nitrogen atoms not only have a crucial effect of increas¬ 
ing Curie temperature and saturation magnetization, but also 
give rise to a profound change in magnetocrystalline anisot¬ 
ropy. Due to these effects, Nd(Fe,M) 12 N* and Pr(Fe,M) 12 N, 
became well-known candidates for permanent magnet 
applications.'^ 6 Compared to the case of 2-17 nitrides, be¬ 
cause of the difficulty in stabilizing the 1-12 phase with a 
light rare earth, more problems have been encountered in 
developing high-performance magnets based on the 1-12 ni¬ 
trides. However, from an economic point of view, the 1-12 
compounds present special interest due to the lower price of 
Nd than Sm. In addition, the 1-12 nitrides have a lower ratio 
of rare earth to transition metal than the 2-17 nitrides. Ac¬ 
cordingly, it is worth studying the 1-12 nitrides concerning 
the formation conditions of good single phase, improvement 
on the intrinsic magnetic properties, and creation of high 
coercivity. As we know, a strong easy-axial anisotropy is the 
origin of a large coercive force, however, the coercivity is a 
very sensitive property and depends on microstructure 
formed by the processing treatment. In this work we have 
succeeded in preparing the single phase of NdFe 1U5 MO[ 5 and 
PrFe 105 Mo 15 , as well as their nitrides. The key problems 
dealing with magnet manufacture and the prospect of the 
1-12 nitrides in the permanent magnet development are dis¬ 
cussed. 


II. EXPERIMENTS 

Alloys were prepared by arc melting of 99.9% pure ma¬ 
terials in an argon atmosphere, followed by a heat treatment 
around 1000 °C for 1 week. The nitrogenation was carried 
out at 400-600 °C for 2-4 h in high-purity N 2 gas at atmo¬ 
spheric pressure. The nitrogenated powder was then further 
pulverized into fine powder by a ball mill. The hysteresis 
loops of the samples were measured by vibrating sample 
magnetometer (VSM) with a field of up to 20 kOe in a tem¬ 
perature range from room temperature to 600 K. Some 
samples were magnetized with a pulse field of up to 40 and 
100 kOe. 

Mechanically alloyed powders were produced in a high- 
energy ball mill, starting with Pr-Mo-Fe and Nd-Fe-Mo alloy 
powders. Magnetic amorphous powders were made by mill¬ 
ing process for 1-10 h under argon atmosphere. The pow¬ 
ders were then heat-treated in the temperature 750-950 °C 
for 40 min to form the crystallized 1-12 phase, in a vacuum 
of l(T 3 Pa. Nitrides were prepared by passing purified nitro¬ 
gen gas over the crystallized 1-12 phase at atmospheric pres¬ 
sure at 500 °C for 1-4 h. 

Anisotropic magnets based on Nd(Fe,Mo) 12 N^ nitrides 
were prepared by a conventional milling process. The pow¬ 
der samples of cylindrical shape (<I>3X4 mm) were aligned 
with a magnetic field of 10 kOe and fixed in epoxy resin. 

III. RESULTS AND DISCUSSIONS 

All the samples were found to crystallize in the 
ThMn 12 -type structure, and, no second phase was observed 
before and after nitrogenation. As an example, the x-ray- 
diffraction patterns of PrFe 105 Mo 15 and their nitrides are 
shown in Fig. 1. 

A. Isotropic powders 

Isotropic magnetic powders based on Pr(Mo,Fe) 12 N l and 
Nd(Mo,Fe) 12 N* were prepared by using a mechanical milling 
process. In both cases of Nd(Mo,Fe) 12 and Pr(Mo,Fe) 12 , the 
x-ray-diffraction patterns and thermomagnetic curves show 
that there are no other magnetic phases (such as a-Fe). It is 
important to mention that in order to obtain a desirable co- 
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FIG. 3. The magnetic hysteresis loops of different composition powders (a) 
Pr(Mo 01 3 Fe 0 87 ) 1 oN x , (b) Nd(Fe,Mo) 12 N,, which were obtained at an an¬ 
nealing temperature of 770 °C for 40 min, measured at room temperature. 


F1C 1. X-ray-diffraction patterns of (a) PrFe 105 MO| 5 and (b) 
PrFcjosMo, jN,. 


ercivity, no a-Fe second phase associated with the starting 
alloys is required. Figure 2 shows the variations of coercive 
force, saturation magnetization, and remanence as a function 
of crystallized temperature of Pr(Mo 013 Fe 0 87 ) 10 N 1 .. From the 
figure it can be seen that intrinsic coercive force depends 
sensitively on crystallization temperature with the optimum 
crystallization temperature 770 °C. 

A coercive force of 6.0 kOe is obtained for the Pr ni¬ 
trides with a crystallization temperature of 770 °C for 40 min 
and a nitrogenation treatment at 500 °C for 2 h. Figure 3(a) 
indicates the magnetic hysteresis loop which was obtained at 
an annealing temperature of 770 °C for 40 min and followed 
by a heat treatment at 500 °C under N 2 atmosphere for 2 h. 
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FIG. 2 Tne variations of coercive force ,// c , saturation magnetization A/ s , 
and remanence M , as a function of crystallized temperature for 
PrtMo.Fel^N, samples. 


The best results were obtained in Pr(Mo 013 Fe 087 ) 10 N x , 
which has a large coercive force combined with a high rem¬ 
anent magnetization. A higher coercive force, e.g., t H c = 8.9 
kOe, is achieved for Nd(Fe,Mo) 12 N t with the same process 
and is seen in Fig. 3(b). As in the case of the mechanically 
allowed powders, no sensitive orientation effect is observed. 
Thus, the mechanically alloyed powders are isotropic. From 
the virgin magnetization curves an obvious jump is observed, 
which is characteristic of a pinning mechanism for the coer¬ 
cive force. The critical field at which the jump occurs corre¬ 
sponds to the value of the coercive force. This behavior sug¬ 
gests that the coercive force in the case of mechanical 
alloying is determined by a domain-wall pinning. For the 



FIG 4. The variation of coercive force as a function of milling time for 
Nd(Fe,Mo) 12 N, powder samples 
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TABLE I. Coercive force Ji c vs magnetizing field H m of Nd(Fe,Mo)i 2 N x . 


Mill time (h) 

19 

49 

59 

64 

107 

,H C (kOe)* 

2558 

3.880 

4.133 

4.326 

5.171 

,H C (kOe) b 

3 894 

5.168 

5.209 

5.561 

6.305 


’Samples were magnetized and measured at H =20 kOe 

b Samples were magnetized at //=100 kOe and measured at H= 40 kOe. 


isotropic samples, the theoretical values of square ratio 
should be 0.5; our results are larger than this value indicating 
that the samples are far from saturation at the applied field of 
20 kOe. 

B. Anisotropic powders 

Figure 4 indicates the variation of coercive force as a 
function of milling time for Nd(Fe,Mo) 12 N x . It is clear that 
the coercive force depends sensitively on particle size of the 
powders, i.e., it increases with grinding time, reaching a 
maximum, then decreases after prolonged milling. The in¬ 
trinsic coercive force ,H C of the powders prepared by the 
milling process exhibits a large dependence of the magnitude 
of the magnetic field H m applied before the coercive force 
measurements. Table I shows for the same sample under 
different magnetizing field. For the powders with the opti¬ 
mum milling time, a coercive force of 5.2 and 6.3 kOe was 
obtained by using a magnetizing field of 20 and 100 kOe, 
respectively. The magnetizing-field dependence of t H c is 
characteristic of domain nucleation. This behavior is differ¬ 
ent from that of mechanical alloying powders mentioned 
above. Anisotropic magnets can be made by using the pow¬ 
ders prepared by milling methods; however, the saturation 
magnetization and remanence were found to degrade with 
milling. Thus, the optimum values of coercive force and re- 



FIG. 5. Hysteresis loops of NdFc 105 Mo 15 N, powders for 20 h milling. 



FIG. 6. Temperature dependence of coercive force: (a) ,H C of 
NdFc 105 Mo, S N X mechanical alloy powders; (b) ,H C of Nd 2 Fc, 4 B; (c) ,H C of 
Pr(Mo n nFcog^ioN, mechanical alloy powders; (d) ,H C of NdFc^Mo, S N, 
anisotropic powders 


manence cannot be obtained simultaneously. Figure 5 is re¬ 
lated with a larger remanence, but a smaller coercive force 
for Nd(Fe,Mo) I2 N :t . Their permanent magnetic properties 
are summarized below, respectively: ,H C = 2.6 kOe, B r = 9.1 
KG, (BH) mm = 12.0 MGOe. All these measurements were 
made with a magnetizing field of 20 kOe. The coercive force 
is larger when using a higher applied field as indicated in 
Table I. Figure 6 plots the temperature dependence of coer¬ 
cive force for three kinds of samples: One was prepared by 
milling process, the other two by using mechanical alloying. 
In a temperature range from room temperature to 100 °C the 
temperature coefficient of coercive force for both samples is 
-0.5%/K. For a comparison, the temperature dependence of 
coercive force of Nd 2 Fe 14 B magnets is presented also in Fig. 
6. The temperature coefficient of ,H C for the latter is 
-0.6%/K. Among the 1-12 nitrides the Curie temperature of 
NdCFe.Mo^N* and Pr(Fe,Mo) 12 N* is lower. Thus, it may be 
expected to improve the temperature stability of the magnets 
based on the 1-12 nitrides by a substitution of Mo with an¬ 
other element, such as Ti, V, etc. 
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Structural and magnetic properties of Ce(Fe,M) 12 N x interstitial compounds, 
M=Ti, V, Cr, and Mo 
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Stabilizing the 1-12 phase with cerium was possible using a special heat treatment. The structural 
and magnetic properties of Ce(Fe,M)i 2 and their nitrides, for M=Ti, V, Cr, Mo, etc., were 
investigated using x-ray-diffraction and magnetic measurements. The effects of interstitial nitrogen 
atoms on lattice parameters, Curie temperature, saturation magnetization, and magnetocrystalline 
anisotropy are reported. A profound change was found on the magnetocrystalline anisotropy. As an 
example, in the case of CeMo 2 Fe 10 N r , the easy magnetization direction changes from c axis to the 
basal plane depending on the nitrogen content x. 


I. INTRODUCTION 

During the last few years, a lot of work dealing with the 
rare-earth (RE)-Fe nitrides having the ThMn 12 -type struc¬ 
ture has been conducted for the purpose of permanent mag¬ 
net development. 1,2 Because of the difficulties in forming the 
1-12 phase with cerium, few reports were concerned with 
cerium compounds. The cerium ion often possesses a rela¬ 
tively higher valence (Ce 4+ ) in the RE-iron intermetallics. 3 
Generally, the Ce-Fc compounds have smaller lattice param¬ 
eters, lower Curie temperatures T c and less spontaneous 
magnetization than other rare-earth compounds; thus, it is 
expected that the interstitial nitrogen atoms may have more 
significant effects on magnetic properties of the Ce com¬ 
pounds. In addition, Ce 4+ is nonmagnetic, and it is hoped to 
obtain useful information associated with the iron sublattice 
behavior. A study on the Ce nitrides is not only of signifi¬ 
cance for basic research, but there is also a potential techni¬ 
cal application. Since there is a lot of cerium in inexpensive 
mischmetal, an investigation on the formation and magnetic 
properties of Ce nitrides might be useful for developing low- 
cost magnetic materials. 

In this work we succeeded in stabilizing the Ce(FeM) 12 
compounds and their nitrides, where M=Ti, V, Cr, and Mo, 
The effects of interstitial nitrogen atoms on lattice param¬ 
eters, Curie temperature, saturation magnetization, and mag¬ 
netocrystalline anisotropy are reported. 

II. EXPERIMENT 

The samples were prepared by arc melting 99.5% pure 
materials in a purified argon atmosphere, followed by a heat 
treatment at 600-1000 °C for 1 week. Nitrides were pre¬ 
pared by passing purified nitrogen gas at atmospheric pres¬ 
sure over finely ground powder samples at 400-600 °C for 
1-5 h, followed by rapidly cooling to room temperature. 
X-ray diffraction and chemical analysis were made to deter¬ 
mine the structure and the weight percentage of nitrogen. 
The powder samples of cylindrical shape were aligned in a 
10 kOe field and fixed in epoxy resin. Magnetization curves 
were measured on aligned powder samples with a field of up 
to 70 kOe K by using an extracting sample magnetometer. 
The Curie temperature was determined from cr-T curves 
which were measured by a vibrating sample magnetometer 
in the temperature range from 300 to 1000 K. 


III. RESULTS AND DISCUSSIONS 

A. Crystallographic structure 

The samples before nitrogenation were found to be crys¬ 
tallized in single ThMn 12 -type phase for M=Ti, V, Mo. The 
only exception is Cr, which contained a little 2-17 phase. 
After nitrogenation, the Ce(M,Fe) 12 N x maintains the same 
structure, but with an increase in the lattice parameters. The 
lattice parameters a and c, unit-cell volume V, and relative 
change in unit-cell volume upon nitrogenation AV/V of 
Ce(M,Fe) 12 N x> in comparison with Ce(M,Fe) 12 , are all listed 
in Table I. As an example, x-ray-diffraction patterns of 
CeTiFe,, are illustrated in Fig. 1(a). The unit-cell volumes 
increase from 2.7% to 3.5% compared with their original 
counterparts. 

B. Curie temperature and saturation magnetization 

The Curie temperature T c , saturation magnetization <r s , 
anisotropy field H A , and easy magnetization direction 
(EMD) of Ce(M,Fe) 12 and their nitrides are summarized in 
Table II. The interstitial nitrogen atoms have an effect of 
increasing the Curie temperature. The T c of CeTiFe U N V is 
raised from 485 to 710 K by introducing the nitrogen atoms 
into the CeTiFe n compounds. This effect may be due to the 
expansion of the unit-cell volume after nitrogenation. 

The effect of the interstitial nitrogen atoms on the en¬ 
hancement of saturation magnetization is significant. The 
molecule moment is increased from 17.4 pt B to 21.88 pt B 
with M=Ti, or from 13.6 p B to 18.6 pt B with M=V in the 
Ce(M,Fe) 12 , etc. Since Ce 4+ is nonmagnetic, the increase of 


TABLE 1. The lattice parameters a and c, unit-cell volume V , and relative 
change in unit-cell volume upon nitrogenation WIV of Ce(M,Fe) )2 N.,, in 
comparison with Cc(M,Fe) 12 . 


Compounds 

a (A) 

c (A) 

V (A 3 ) 

isv/v {%) 

CeTiFen 

8.542 

4.779 

348.7 


CcTiFejjN, 

8.574 

4.872 

358.2 

2.7 

CcV,Fe, 0 

8 503 

4.758 

344.0 


CeVjFe.oN, 

8.646 

4.761 

355.9 

3.46 

CcMo 15 Fe 105 

8 535 

4 766 

347.2 


CeMo, <Fe,n <N, 

8.617 

4.821 

358.1 

3.2 

CeMojFe, 0 

8.585 

4.799 

353 7 


CcMo 2 Fe 10 N 08 

8.674 

4 842 

364.3 

3.0 
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FIG 1. X-ray-diffraction patterns of CcTiFe n • (a) nonaligned; (b) aligned 


the saturation magnetization represents an increase in the 
iron atomic moment. 4 So far, the increases of T c and the 
magnetic moments have been regarded as being attributed 
mainly to the volume expansion (about 3% in average), as a 
magnetovolume effect, but, that is not enough. The nitrogen 
atoms enhance the Fe moments not only through lattice ex¬ 
pansion but also by changing the electronic bonding nature, 
which was calculated by Sakuma. 5 

C. Magnetocrystalline anisotropy 

In the most rare-earth compounds, 4 / electrons are ex¬ 
pected to be well localized compared with the d and s elec¬ 
trons in the transition-metal compounds. So the single-ion 
model is used effectively dealing with the magnetocrystalline 
anisotropy in the rare-earth-ion sublattice. In the case of iron 
sublattice, owing to the itinerant properties of 3 d electrons, 
the situation becomes more complicated. It is not easy to 
calculate the changes in magnetocrystalline anisotropy theo- 




F1G. 2. Magnetization curves along and perpendicular to the origination 
direction at 1.5 K and room temperature between CeMoi 5 Fc 105 and 
CeMo, jFeiojN.. 

retically before or after nitrogenation. So the experimental 
results are even more important in obtaining information 
about the iron sublattice behavior. 

On the basis of the x-ray-diffraction patterns on aligned 
samples, we can obtain the magnetocrystalline anisotropy of 
Ce(M,Fe) 12 and their nitrides. The x-ray-diffraction patterns 
of magnetically aligned powder samples of CeTiFc u are 
shown in Fig. 1(b): a drastic increase in (002) reflections and 
diminution of (hkO) lines reveals that it has an easy axial. 
Figures 2 and 3 are the comparison of magnetization curves 
along, and perpendicular to, the origination direction at 1.5 K 
and room temperature between CeMo ]5 Fe 105 and 
CeMo t 5 Fe 10 5 N^, CeTiFen, and CeTiFe u N x . It can been 
seen that after nitrogenation the anisotropy is decreased. In 


TABLE II. The Curie temperature 7<, saturation magnetization cr,, anisotropy field H A , and easy magnetiza¬ 
tion direction (EMD) of Ce(M,Fe)i 2 compounds and their nitrides. 


Compounds 

T c ( K) 

<r, (emu/g) 

H a (kOc) 

EMD 

7= 300 K 

7=1.5 K 

7=300 K 

7=1.5 K 

7= 300 K 

CeTiFe,, 

485 

129.586 

108.245 

35 

15 

axis 

CeTiFe„N, 

710 

151.006 

135.743 




CeV 2 Fe,o 

425 

99.209 

75.515 

20 

10 

axis 

CeV 2 Fe 10 N, 

725 

128.304 

116.292 



weak axis 

CeCr,Fe 10 

433 

95.139 

59.999 

12 

8 

axis 

CeCr 2 Fc 10 N, 

685 

132.546 

111.514 



plane 

CeMo 15 Fe 10 5 

386 

111.256 

76 044 

23 

10 

axis 

CeMo^Fc^jN, 

612 

13156 

108.758 




CcMo 2 Fe, 0 

340 

64.697 

40.608 



axis 

CcMo 2 Fc 10 N 08 

500 

97.427 

75.880 



plane 
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FIG. 3. Magnetization curves along and perpendicular to the origination 
direction at 1.5 K and room temperature between CeTiFen and CeTiFc n N, 


the compounds with Ce, iron is the only magnetic atom, so 
the behavior of CeMo, 5 Fei 05 N^ anisotropy represents 
changes in the anisotropy on the iron sublattice. 

In order to determine the effect of interstitial nitrogen 
atoms on the magnetocrystalline anisotropy of the iron sub¬ 
lattice we made samples of CeMo 2 Fe 10 N x where x=0, 0.2, 
0.5, 0.8. The x-ray diffraction patterns of CeMo 2 Fe 10 N x are 
plotted in Fig. 4: (a) x=0 nonaligned samples; (b) x=0 
aligned samples; (c) x=0.2 aligned samples; (d) x=0.5 
aligned samples; (e) x=0.8 aligned samples. The x-ray- 
diffraction pattern on aligned samples of CeMo 2 Fe !0 in Fig. 
4(b) shows that the EMD is along the c axis due to the 
drastic increase in (002) reflection and diminution of {hkO) 
lines. After the absorption of a certain quantity of nitrogen, 
the EMD deviates from the c axis, as indicated in Fig. 4(c) 
for CeMo 2 Fe 10 N 02 because the relative intensity of the (202) 
line is larger rather than the (002) line. As expected, a pro¬ 
found change was found on the magnetocrystalline anisot¬ 
ropy upon nitrogenation. With the increases of nitrogen con¬ 
tent, the drastic increases in (M0) reflections and decreases 
in (001) lines reveal that when almost all the 2b sites are 
occupied by nitrogen atoms, the EMD changes to basal plane 
for CeMo 2 Fe 10 N 0 8, which is shown in x-ray-diffraction pat¬ 
tern Fig. 4(e). It is clear that the changes in the magnetocrys¬ 
talline anisotropy of the iron sublattice is observed from the 
c axis to basal plane with increasing the nitrogen content x. 



FIG. 4. The x-ray-diffraction patterns of CcMo 2 Fc 10 N x : (a) x =0 nonaligned 
samples; (b) x=0 aligned samples; (c) x=0 2 aligned samples; (d) *=0.5 
aligned samples; (c) *=0.8 aligned samples. 

IV. CONCLUSION 

We have succeeded in forming Cc(M,Fe) 12 compounds 
and their nitrides with ThMn )2 -type structure. The nitrides 
increases both the Curie temperature and spontaneous mag¬ 
netization, and makes significant changes in magnetocrystal¬ 
line anisotropy which depends on the nitrogen content x. The 
experimental results indicate that at room temperature the 
easy magnetization direction for CeMo 2 Fe 10 N 0 8 is in the 
basal plane, contrary to the CeMo 2 Fe 10 compounds. 
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The magnetic properties of a series of Tb 2 Fe 17 _ i .Al I solid solutions, with nominal x compositions 
of 0, 2, 3, 4, 5, 6, 7, and 8, have been studied by neutron diffraction and Mossbauer spectroscopy. 
Neutron-diffraction data indicate that the compounds all crystallize with the Th 2 Zn 17 structure and 
that the aluminum atoms are excluded from the 9 d site and show a distinct preference for the 6c site 
only for an aluminum content greater than 6. The unit-cell volume increases by approximately 1% 
per aluminum atom substituted in the formula unit. The magnetic moment per formula unit, 
measured at 295 K, shows very little change for x less than or equal to 4, but decreases rapidly with 
increasing aluminum content for higher values of x. Mossbauer spectral results indicate that all the 
samples are ferromagnetically ordered at 85 K. However, at 295 K Tb 2 Fe 9 Al 8 is paramagnetic and 
Tb 2 Fe 10 Al 7 is either paramagnetic or has at most very small ferromagnetic moments. An analysis of 
the magnetic spectra with a basal magnetic model is successful for x values of 5 or less; however, 
at higher x values an axial model for the magnetization is required, indicating the presence of a spin 
reorientation with increasing aluminum content and decreasing temperature. The weighted average 
hyperfine field decreases approximately linearly by 21 kOe per substituted aluminum atom at 85 K 
and more rapidly at 295 K. As expected, the isomer shifts increase with increasing aluminum 
content as a result of interatomic charge transfer and intraatomic iron 4s-3d electronic 
redistribution. 

The discovery 1 that the addition of interstitial nitrogen rhombohedral Th 2 Zn 17 structure at higher concentrations, 

could dramatically increase the Curie temperature of R 2 Fe l7 Furthermore, its T c increases with increasing aluminum con- 

and, in some cases, change the magnetic anisotropy from tent at low aluminum concentrations. 10 

basal to axial has led to a renewed interest in these com- The Tb 2 Fe )7 _^Al^ samples were prepared from 99.9% 

pounds. The primary reason for the increased T c is the ex- pure elements by arc melting followed by annealing at 
pansion of the lattice caused by the interstitial nitrogen. 2 The 900 °C for more than 3 weeks. The phase purity of the 

lattice may also be expanded by partially substituting the samples was checked by x-ray diffraction which indicated 

iron by other elements, 3 and an investigation of such par- that the Tb 2 Fe 17 _*Al* samples with nominal x values of 2 

dally substituted compounds may lead to a better under- and higher crystallized with the rhombohedral Th 2 Zn 17 struc- 

standing of the magnetization process and consequently to ture. This limiting composition for the rhombohedral phase 

solid solutions possessing better magnetic properties. In the is considerably lower than that reported by Oesterreicher and 

^Fen-jAljB solid solutions, 4,5 aluminum causes both the Boiler 10-12 and may be due to the higher annealing tempera- 

coercive and the anisotropic fields to increase with only ture used for the samples in our study, 

slight decreases in the magnetization and T c . Partial substi- The neutron-diffraction patterns were measured 6 and 

tution of iron atoms by aluminum in Ce 2 Fe 17 , Y 2 Fe 17 , refined 13 ' 14 by the same methods as reported earlier. The 

Nd 2 Fe 17 , Dy 2 Fe 17 , and Ho 2 Fe 17 causes the unit cell to ex- Mossbauer spectra were measured 6 and fit 15-17 as reported 

pand and the T c to increase with aluminum content at lower earlier. The spectra that indicated ferromagnetic ordering 

aluminum concentrations. 3 6 8 In Tb 2 Fe 14 B the terbium mag- were fit with four or seven magnetic sextets corresponding to 

netic moments are aligned antiparallel 9 with the iron mo- the four or seven magnetically inequivalent iron sites ex- 

ments and a similar antiparallel magnetic structure is ex- pected for an axial or basal orientation of the magnetization 

pected in Tb 2 Fe, 7 ..^Al,. It has been reported 10,11 that and the site point symmetry. 

T t> 2 Fe i 7 -. c Al ;( crystallizes in the hexagonal Th 2 Ni )7 structure The Curie temperature of the Tb 2 Fe 17 _ t Al x solid solu- 

at aluminum concentrations up to an x of 3.8 and in the tions increases with increasing aluminum content at lower 

_aluminum concentrations and reaches a maximum at an x 

''Present address. Van dcr Waals-Zeeman laboratory. University of Amstcr- The results of the refinement of the 295 K neutron- 

dam, NL-1018 XE Amsterdam, The Netherlands. diffraction patterns of these solid solutions are given in Table 
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TABLE I. The lattice and positional parameters, site occupancies, and moments in Tb 2 Fe )7 _. t Al t as measured 
by neutron diffraction at 295 K. 


Compound 

Tb 2 Fei5Al 2 

Tb 2 Fe 14 Al 3 

TbjFe,jAl4 


Tb 2 Fe„Al 6 

Tb 2 Fe 10 Al 7 

Tb 2 Fc<)Alg 

x refined 

1.98 

3.14 

4.08 

5.10 

6.06 

7.16 

8.12 

a (A) 

8.5768(2) 

8.6011(2) 

8.6212(1) 

8.6625(1) 

8.6942(1) 

8.7482(1) 

8.7874(1) 

c (A) 

125191(4) 

12.5549(3) 

12.5872(2) 

12.6307(3) 

12.6501(2) 

12.6988(3) 

12.7270(3) 

da 

1.460 

1.460 

1.460 

1.458 

1.455 

1.452 

1.448 

v (A 3 ) 

797.5 

804.4 

810.2 

821.3 

828.1 

841.6 

851.1 

Tb, 6c, z 

0.3413(4) 

O *Ars 0/2) 

0.3406(3) 

0.3433(2) 

0.3417(3) 

0.3458(2) 

0.3480(2) 

Fe/Al, 6c, z 

0.0958(3) 

0 

0.0941(2) 

0.0962(2) 

0.0993(1) 

0.1002(3) 

0.1028(4) 

Fe/Al, 18/, x 

0 2964(2) 

0.2 n i) 

0.2896(1) 

0.2893(1) 

0.2920(1) 

0.2905(2) 

0.2928(2) 

Fe/Al, 18 h,x 

0.1676(1) 

0.1684(1) 

0.1690(1) 

0.1697(1) 

0.1681(1) 

0.1683(1) 

0.1677(1) 

Fe/Al, 18/i, z 

0.4921(2) 

0.4920(1) 

0.4895(1) 

0.4895(1) 

0.4882(1) 

0.4905(1) 

0.4904(1) 

%A1, 6c 

14.4 

21.0 

24.6 

32.9 

41.3 

72.4 

94.0 

%A1, 9 d 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

%A1, 18/ 

9.8 

18.8 

23.4 

31.4 

41.4 

57.6 

68.8 

%A1, 18/i 

18.4 

26 6 

36.4 

42.6 

45.8 

37.6 

35.2 

R factor 

5.88 

5.24 

5.26 

5.09 

4.46 

4.84 

4.97 

R w factor 

6.80 

6.10 

5.95 

6.17 

5.46 

5.73 

5.78 

R m factor 

10.1 

8.23 

5.07 

8.48 

9.67 

14.0 


X 2 

2.57 

2.49 

2.56 

2.61 

2.62 

2.50 

2.54 

M, Tb, 6c (tin) 

-4.5(1) 

-4.3(1) 

-4.1(1) 

-4.1(1) 

-3.5(1) 

-0.6(1) 


fi, Fe, 6c (fi B ) 

2.7(2) 

3.0(1) 

3.1(1) 

3.3(1) 

32.3(1) 

0.6(1) 


ti, Fe, 9 d ( fi B ) 

1.9(1) 

1.9(1) 

2.0(1) 

1.8(1) 

1.7(1) 

0.6(1) 


fi, Fe, 18/ (fi B ) 

1.9(1) 

2.0(1) 

2.1(1) 

2.0(1) 

1.9(1) 

0.6(1) 


Ab Fe, 18/i (n B ) 

1.5(1) 

1.8(1) 

1.6(1) 

1.6(1) 

1.1(1) 

0.6(1) 


tiJceU (/i B ) 

56.7 

57.6 

55.5 

46.2 

34.5 

14.1 


/i/formula (fig) 

18.9 

19.2 

18.5 

15.4 

11.5 

4.7 


fi(,z)//i(x) 

0.0 

0.0 

0.0 

0.0 

1.2 

infinite 



I. The lattice parameters increase approximately linearly with 
x as was found 19 to be the case for the related Nd 2 Fe 17 _ x Al^ 
solid solutions, but the increase differs from the behavior 
found for the c lattice parameter in Tb 2 Fe 17 _^Ga^, which 
increases up to an x of 6 and then remains constant at higher 
values. The unit-cell volume of Tb 2 Fe 17 _ x Al t increases lin¬ 
early by 8.9 A 3 per aluminum, a value which is similar to 
that of the gallium solid solutions. 20 

As is shown in Fig. 1, the aluminum completely avoids 
the 9 d crystallographic site, the site expected to have the 
smallest Wigner-Seitz cell volume. 19 In contrast, at' t up 
to an x of 6, the aluminum somewhat favors the 18/i site and 
occupies the 6c and 18/ sites almost randomly. At x values 
above 6 these trends change and aluminum highly favors the 
6 c and 18/ sites. A rather similar occupation has been 
observed 19 in the Nd 2 Fe 17 _ x Al^ solid solutions and ex¬ 
plained on the basis of the differing near-neighbor environ¬ 
ments of the different sites. 

The compositional dependence of the magnetic moments 
derived from the neutron-diffraction 9 scattering is given in 
Table 1, and shown in Fig. 2. As expected on the basis of the 
terbium crystal field, 20 the terbium magnetic moments are 
antiferromagnetically exchange coupled to the iron moments 
which are in the basal plane of the unit cell for x values of 5 
and less. At larger x values a spin reorientation occurs such 
that, in Tb 2 Fe 10 Al 7 , the magnetization is axial. Unfortu¬ 
nately, Tb 2 Fe</d 8 is paramagnetic, at least at 295 K. The iron 
moment on the 6c site increases gradually for x values up to 
6, whereas the other iron moments remain approximately 
constant for x between 0 and 6. 


The Mossbauer spectra of the Tb 2 Fe ]7 _*Al t solid solu¬ 
tions have been measured at 85 and 295 K. The spectra were 
initially fit with either four or seven broadened magnetic 
sextets which represent the expected number of magnetic 



FIG. 1. The percentage of aluminum found by neutron diffraction on each 
of the four crystallographic iron sites in the Tb 2 Fe 17 _,Al x solid solutions. 
The dashed line represents random occupation by aluminum. 
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FIG. 2. The iron and terbium magnetic moments at 2°5 K in th* 
TbjFe^-jAJ, solid solutions. The terbium moments are aligned antiparallel 
to the iron moments. 

sextets in the axially or basally magnetized R 2 Fe 17 
materials. 15,21 In agreement with the neutron-diffraction re¬ 
sults, it was found that all the 295 K magnetic Mossbauer 
spectra could only be fit with the basal magnetization model, 
except for Tb 2 Fe u Al 6 , for which a better fit with the simpler 
axial model was obtained. The low-temperature spectra for 
the samples with x values of 6, 7, and 8 were successfully fit 
with an axial model. This spin reorientation is also apparent 
in the quadrupole shift changes with increasing x and de¬ 
creeing temperature. The fitting model, which docs not take 
into account the near-neighbor environment of each iron site, 
is quite successful in reproducing the observed spectral ab¬ 
sorption, but some problems with intensity do occur. A more 
detailed analysis of these spectra in terms of a binomial dis¬ 
tribution of the near-neighbor aluminum environments will 
be reported elsewhere. 22 Because of the approximations in¬ 
volved in the spectral fits, only the weighted average hyper- 
fine parameters are discussed herein. 

The weighted average isomer shifts increase linearly 
with increasing aluminum content with variations of 0.0257 
and 0.0185 mm/s per aluminum at 295 and 85 K, respec¬ 
tively. These increases are typical of those found upon the 
substitution of either aluminum 19 or gallium 20 for iron to 
form R 2 Fc 17 solid solutions. The increase may be attributed 
to an interatomic charge transfer between the iron and alu¬ 
minum and a subsequent 3</-4s intraatomic iron electronic 
redistribution. 23 ' 25 The weighted average hyperfine fields at 
295 and 85 K, as a function of aluminum content, are shown 
in Fig. 4. As expected the hyperfine field at 85 K decreases 
almost linearly by 21 kOe per aluminum atom with the in¬ 
creasing replacement of magnetic iron with diamagnetic alu¬ 
minum and the decrease is even more rapid at 295 K; how¬ 
ever, the observed hyperfine fields are higher than those 
observed in the Nd 2 Fe 17 _ x Al x solid solutions, even though 
the unit-cell volumes of the former are smaller. 



FIG. 3, The area weighted average hyperfine fields in the Tb 2 Fc 17 _ x Al t 
solid solutions. 
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Structure and magnetic anisotropy of Sm 2 Fe 17 _ x Al x C (x=2-8) compounds 
prepared by arc melting 

Zhao-Hua Cheng, Bao-Gen Shen, Jun-Xian Zhang, Fang-Wei Wang, Hua-Yang Gong, 

Wen-Shan Zhan, and Jian-Gao Zhao 

State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, 

Beijing 100080, People’s Republic of China 

In previous work it was discovered that the 2:17-type rare-earth-iron compounds with high carbon 
concentration could be formed by the substitution of Ga, Si, or Al, etc., for Fe in R 2 Fe 17 C x . The 
effect of Al substitution for Fe on the structure and magnetic anisotropy of Sm 2 Fe 17 C has been 
investigated. Alloys with the composition of Sm 2 Fe, 7 _^Al x C (x=2, 3, 4, 5, 6, 7, and 8) were 
prepared by arc melting. The carbides are single phase with rhombohedral Th 2 Zn 17 -type structure 
except for Sm 2 Fe 17 C which contains a small amount of a-Fe. The addition of Al results in an 
approximately linear increase in the lattice constants and the unit-cell volumes. The Curie 
temperature T c is found to increase slightly when x=£3, then decrease rapidly with increasing Al 
concentration, while the room-temperature saturation magnetization decreases monotonic ally with 
the addition of aluminum. X-ray-diffraction and magnetization measurement studies of 
magnetic-field-oriented powders demonstrate that the samples with x=s6 exhibit an easy c-axis 
anisotropy at room temperature and the room-temperature anisotropy field increases from 5.3 T for 
x=0 to about 11 T forx=2. Further substitution decreases the anisotropy field. For the sample with 
x=2, the room-temperature anisotropy field is higher than that of Nd 2 Fe I4 B, and the saturation 
magnetization is about 110 emu/g. In this alloy, the substitution of a small amount of other elements, 
such as Co, Ni, etc., may yield a further improvement in its magnetic properties. Thus, it is possible 
that these carbides can be used as the starting materials for producing high-performance 2:17-type 
sintered permanent magnets. 


I. INTRODUCTION 

The interstitial rare-earth-iron compounds based on the 
rhombohedral Th 2 Zn 17 -typc or hexagonal Th 2 Ni 17 -type struc¬ 
ture are found to have an excellent intrinsic magnetic 
properties; 1 however, the poor high-temperature stability of 
Sm 2 Fe 17 Q and Sm 2 Fe 17 N^ compounds prepared by gas-solid 
reaction methods restricts the possible application of these 
materials as permanent magnets. Our previous studies have 
shown that the heavy-rare-earth-iron compounds RiFepQ 
with high carbon concentration (x=«3.0) could be obtained 
from melt spinning. 2-4 Their intrinsic magnetic properties 
are comparable to those of the corresponding carbides pre¬ 
pared by gas-solid reaction. It was noteworthy that they 
could be stabilized at high temperature (above 1000 °C). It 
was, however, still difficult to synthesize Sm 2 Fe 17 Q with 
x5=1.5. Recently, it was discovered that highly stable 
Sm 2 Fe 17 C^ with x=s3.0 can be formed by the substitution of 
Al, Ga, or Si. 5-7 In this work, the effect of the substitution of 
Al on the structure and magnetic anisotropy of Sm 2 Fe, 7 C is 
reported. 

II. EXPERIMENT 

Iron and carbon were first melted together in an induc¬ 
tion furnace to form Fe-C alloy with a lower melting tem¬ 
perature. Then Fe, Sm, Al, and Fe-C alloys were melted by 
arc melting in a high-purity argon atmosphere. Elements 
used were at least 99.9% pure. An excess of 10%-20% Sm 
was added to compensate the evaporation during melting. 
The mgot alloys were melted at least four times to ensure 
homogeneity, then annealed under an argon atmosphere at 


1400 K for 5 days followed by quenching into water. Ingots 
were then ground to yield powders and oriented in an applied 
field of 2 T in an epoxy resin. X-ray-diffraction (XRD) ex¬ 
periments were performed on powder samples using Co Ka 
radiation to determine the phase structure as well as lattice 
constants and unit-cell volume. The Curie temperature T c 
was derived from the temperature dependence of magnetiza¬ 
tion ofT) curves measured by a vibrating sample magneto¬ 
meter in a field of 700 Oe. The anisotropy fields H A were 
obtained from the magnetization curves measured along and 
perpendicular to the aligned direction by using the magneto¬ 
meter with a magnetic field up to 7 T. The saturation mag¬ 
netization at 300 K was obtained from fitting the experimen¬ 
tal data for M(H) vs H using the law of approach to 
saturation. 

III. RESULTS AND DISCUSSIONS 

The XRD study demonstrates that all Al-containing al¬ 
loys are single-phase compounds with the rhombohedral 
Th 2 Zn 17 -type structure and no significant diffraction from 
impurity phases, especially bcc a-Fe, is observed. For ex¬ 
ample, Fig. 1(a) shows the typical XRD pattern of 
Sm 2 Fe H Al () C; however, Sm 2 Fe n C contains a few percent 
a-Fe of impurity phase. This fact implies that the addition of 
Al can help the formation of the 2:17-type carbides with high 
carbon concentration. 

The lattice constants a,c and the unit-cell volume v of 
Sm 2 Fe 17 „ f Al t C compounds are summarized in Table I. It 
can be seen that these both show a linear dependence on Al 
concentration as we would excepted on the basis of a simple 
model involving atomic volumes. To a good approximation, 
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FIG. 1. Co Ka radiation x-ray-diffraction patterns of Sm 2 Fe n AI 6 C prepared 
by arc melting: (a) unoriented powders, and (b) oriented powders. 

therefore, the substitution of larger A1 atoms for Fe merely 
produces an expansion of the lattice. This result is consistent 
with that of R 2 Fe 17 _ i Al_ c with R=Y, Ho, 8 and Sm. 9 The fact 
that the ratio da is, within experimental uncertainty, inde¬ 
pendent of the A1 content of these carbides indicates that the 
expansion of the lattice caused by the substitution of larger 
A1 atoms for smaller Fe atoms is essentially an isotropic 
process. 

The Curie temperature T c of Sm 2 Fe 17 _ x Al_ t C versus A1 
concentration is shown in Fig. 2. For comparison, the T c of 
Sm 2 Fe 17 _ x Al x is al:o presented in this figure. 9 For the car¬ 
bides, I, is found to increase slightly when x=s3, then de¬ 
crease rapidly with increasing A1 concentration, while the T c 


TABLE I. Structural parameters for Sn^Fe^.jAljC compounds. 


Compounds 

a (A) 

c (A) 

v (A 3 ) 

c/a 

-t-=0 

8.644“ 

12.476* 

807.3 

1.443 

x = 2 

8.674 

12.506 

814.0 

1.441 

* 

It 

8.709 

12.575 

826.0 

1.444 

x=4 

8.716 

12.617 

830.0 

1.447 

x=5 

8.753 

12.664 

840.2 

1.447 

SO 

II 

K 

8.764 

12.723 

846.2 

1.451 

* 

II 

^3 

8.806 

12.787 

858.7 

1.452 

x-S 

8.816 

12.809 

862.1 

1451 


“Reference 11. 
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A1 concentration 

FIG. 2. The Curie temperature of Sm 2 Fc 17 _ x Al x C and Sm 2 Fe 17 _ x Al x as a 
function of A1 concentration. 


of Sm 2 Fe 17 _jAl* increases more sharply when x*s3. It is 
commonly assumed that the magnetic ordering temperature 
in rare-earth-iron compounds is determined by the Fe-Fe 
exchange interactions. The generally low values of T c in 
R 2 Fe I7 compounds result from the relatively small Fe-Fe dis¬ 
tance in these materials. The increase in Curie temperature 
corresponds to an increase in the positive Fe-Fe exchange 
coupling as a result of increased interatomic distance. Jacobs 
et al. have shown that this coupling increases with increasing 
A1 content up to about x=3 in R 2 Fe 17 _^Al^ with R=Y, and 
Ho; 8 however, for the carbides, the interstitial carbon atoms 
have already enlarged the interatomic distance. Both C and 
Al atoms will influence the Curie temperature and the effect 
of Al atoms on the Curie temperature is not significant. 
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pendicular to the aligned direction, respectively. 
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FIG. 4. The saturation magnetization A/ s and anisotropy field at room tem¬ 
perature as a function of the A1 concentration. 


In order to study the effect of A1 on the magnetocrystal¬ 
line anisotropy in Sm 2 Fe, 7 C compounds, XRD and magneti¬ 
zation measurements have been carried out on the magnetic- 
field-aligned powder samples. XRD studies of magnetic- 
field-oriented powders can provide information concerning 
the magnetocrystalline anisotropy on the basis of the diffrac¬ 
tion peaks present in each of the patterns. Figure 1(b) pre¬ 
sents the room-temperature diffraction patterns of oriented 
SmsFen-jAljC powders with x=6. A uniaxial anisotropy 
occurs for all compounds as evidenced the fact of a drastic 
increase in the (0,0,6) reflection and the disappearance of 

(M,0). 

Figure 3 shows an example of the magnetization curves 
measured parallel and perpendicular to the aligned direction 
at room temperature for the sample with x=2. The anisot¬ 
ropy field H a estimated from the measurement curves and 
the saturation magnetization M i of Sm 2 Fe 17 __ f AljC as a 
function of the A1 concentration is plotted in Fig. 4. The 
room-temperature saturation magnetization decreases mono- 
tonically with increasing A1 content, while the room- 


temperature anisotropy field of Sm 2 Fe, 7 _ ;f A] ;r C is found to 
increase from 5.3 T, 10 for x=0, to 10.8 T for x=2. Further 
substitution decreases the anisotropy field. This means that 
the addition of A1 in Sm 2 Fe 17 _^.Al x C has a very significant 
influence on the magnetocrystalline anisotropy. Earlier re¬ 
ports indicated that the addition of A1 in Sm 2 Fe 17 compounds 
can develop a room-temperature uniaxial anisotropy when 
x 5=2, 6,9 without the need to introduce interstitial nitrogen or 
carbon atoms. For the sample with x=2, the Curie tempera¬ 
ture is about 560 K, the room-temperature saturation magne¬ 
tization is about 110 emu/g, and the anisotropy field at room 
temperature is 10.8 T.. The value of H A is much higher than 
that of Sm 2 Fe !7 C and Nd 2 Fe 14 B (8 T), but the saturation 
magnetization is somewhat lower than that of the Al-free 
compound. In this alloy, the substitution of a small amount of 
other elements, such as Co, Ni, etc., or the reduction of the 
A1 concentration may yield a further improvement in the 
hard magnetic properties. Thus, it is possible that these car¬ 
bides can be used as the starting materials for producing 
high-performance 2:17-type sintered permanent magnets. 

In summary, single-phase Sm 2 Fe, 7 _ x Al t C compounds 
with 2=Sx=£8 have been prepared by arc melting. The addi¬ 
tion of A1 in these materials can not only help the formation 
of the 2:17-type rare-earth-iron compounds with high car¬ 
bon concentration, but also improve the hard magnetic prop¬ 
erties. For the samples with x=2, the Curie tempeiature is 
about 180 K higher than that of Sm 2 Fe 17 and comparable 
with that of Nd 2 Fe 14 B, and the anisotropy field is much 
higher than that of Nd 2 Fe )4 B an 1 Sm 2 Fe 17 C. The present 
work suggests that Sm 2 (Fe,Al) 17 C ( magnets with appropriate 
carbon concentration can be a starting material for sintered 
permanent magnets. 
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Uniaxial magnetic anisotropy in Fe-rich 2:17 compounds with sp 
substitutions 
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The magnetic properties of single-phase 2:17 compounds of the composition Sm 2 Fe 17 _ i _ v Co,.M x 
with M=A1 and Ga and a: and y in the range 0-5 are reported. The Curie temperature is found to 
increase for the y = 0 samples with increasing a up to a maximum at * = 3 for M=A1 and x=4 for 
M=Ga and a monotonic increase with increasing y for all x and M. Samples with x<2 showed an 
easy-plane magnetic anisotropy at room temperature while samples with x>2 showed a 
single-phase uniaxial anisotropy. The addition of Co is seen to increase the saturation magnetization 
and the anisotropy field. 


I. INTRODUCTION 

The rare-earth-iron compounds of the composition 
R 2 Fe 17 are of potential commercial interest as they possess 
good thermal stability and the large Fe content yields high 
saturation magnetization; however, two severe drawbacks 
have limited the practical application of these compounds as 
hard magnetic materials; (1) the relatively low values of the 
Curie temperature 1,2 and (2) the lack of a room-temperature 
uniaxial anisotropy. While many rare-earth-cobalt com¬ 
pounds do not suffer from these drawbacks, they are cer¬ 
tainly not as attractive for commercial applications from an 
economic standpoint. 

Recent studies concerning methods by which the techni¬ 
cal magnetic properties may be improved have been con¬ 
cerned with the preparation of materials with either substitu¬ 
tional or interstitial impurities. Results have shown that the 
substitution of Co, Ni, Al, and Si, for Fe, at least up to a 
certain point, increases the Curie temperature (see, e.g., Refs. 
1-3) and recent evidence has indicated that the substitution 
of sufficient quantities of Al or Ga for Fe can induce a room- 
temperature anisotropy in these materials. 4,5 Interstitial hy¬ 
drogen, carbon, and nitrogen can yield substantial increases 
in the Curie temperature (see, e.g., Refs. 6 and 7). Although 
C and N interstitials favor the formation of a uniaxial 
anisotropy, 7,8 the presence of interstitial H has been shown to 
be detrimental in this respect. 8 In the present work an inves¬ 
tigation of the effects of sp (i.e., Al and Ga) substitutions on 
Sm-based compounds is reported. 


II. EXPERIMENTAL METHODS 

Samples of Sm 2 Fe| 7 _ x „ y Co y M JC , with M=A1 and Ga 
and x and y in the range of 0-5 were prepared by arc melt¬ 
ing components followed by grinding to a powder with an 
average particle size of about 20 /urn. Powders were annealed 
under argon at 1273 K for 72-100 h and water quenched. 
Structural properties were investigated using a Siemens 
D500 scanning x-ray diffractometer. Room-temperature 
magnetic anisotropy was determined from x-ray-diffraction 
patterns of powder samples which were mixed with epoxy 
resin and aligned in a magnetic field of 1.0 T. Curie tempera¬ 


tures were obtained by calorimetric techm. .es. Magnetiza¬ 
tion curves were obtained at 10 K wit! . standard induction 
magnetometer in applied fields up to 3.0 T. 

III. RESULTS 

X-ray-diffraction studies indicate that all compounds are 
of the rhombohcdral Th 2 Zn 17 structure. A typical pattern is 
illustrated in Fig. 1(a) and cell volumes are given in Table 1. 
The measured magnetic anisotropies and Curie temperatures 
are also given in the table. The presence of a uniaxial anisot¬ 
ropy observed in some of the samples is illustrated in Fig. 
1(b). The unit-cell-volume dependence of the Curie tempera¬ 
ture is illustrated in Fig. 2 for the Sm-Fe-Al and SM-Fe-Ga 
compounds. The magnetic properties of the Sm-Fe-Co-Al 
compounds are summarized in Fig. 3. AA/ 0 is defined as the 
difference between the easy- and hard-axis magnetization ex¬ 
trapolated to zero applied field and is a measure of the 
strength of the magnetic anisotropy field. 
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FIG i Room-temperature Cu K x-ray-diffraction patterns for Sm 2 Fe, 4 Al 3 
(a! nonoriented and (b) field oriented 
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TABLE I. Unit-cell volumes, magnetic anisotropies, and Curie temperatures 
of the series of Sm 2 Fe, 7 _ J _ y Co y M I compounds with the Th 2 Zn n structure. 


M 

X 

y 

v (A 3 ) 

Anisotropy 

T c ( K) 



0 

788 

planar 

391 

Al 

1 

0 

798 

planar 

417 

Al 

2 

0 

805 

mixed 

452 

Al 

3 

0 

809 

uniaxial 

471 

Al 

4 

0 

818 

uniaxial 

451 

Al 

3 

t 

810 

uniaxial 

533 

Al 

3 

2 

807 

uniaxial 

578 

Al 

3 

3 

803 

uniaxial 

625 

Al 

3 

4 

800 

uniaxial 

663 

Al 

3 

5 

798 

uniaxial 

698 

Ga 

1 

0 

795 

planar 

468 

Ga 

2 

0 

802 

mixed 

540 

Ga 

3 

0 

809 

uniaxial 

570 

Ga 

4 

0 

817 

uniaxial 

580 

Ga 

5 

0 

823 

uniaxial 

555 

Ga 

3 

3 

804 

uniaxial 

712 


IV. DISCUSSION AND CONCLUSIONS 

The value of the Curie temperature in these materials 2 is 
primarily dependent on the magnitude of the exchange cou¬ 
pling between transition-metal (TM) atoms J n-. This be¬ 
comes more positive and increases T c as larger nonmagnetic 
atoms are substituted for Fe. Beyond a certain point, how¬ 
ever, a decrease in and T c results from either the further 
dilution of the magnetic species or the further increase in 
Fe-Fe neighbor distances or both. The rare-earth-transition- 
metal (RE-TM) coupling 3 J m and the RE-RE coupling J m 
are substantially smaller than J rr and are relatively indepen¬ 
dent of interatomic distances. As illustrated in Fig. 2, the 
changes in T c as a function of atomic volume which result 
from the substitution of A1 are substantially less than those 
which result from the substitution of Ga. As this difference is 
not expected on the basis of atomic volume, it is presumably 
due to the 3 d coupling between Ga and Fe, which is not a 
factor for the Al-containing compounds. The substantial in- 



790 800 810 820 830 


V (A 3 ) 

FIG 2 Measured cell volume dependence of the Curie temperature for 
Sni ; Fe,,. ,M, compounds for (a) M=A1 and (b) M=Ga. 
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FIG, 3. Composition dependence of the magnetic properties of 
Sm 2 Fc 14 _ v Co y Alj compounds: (a) cocrcivity at 10 K, (b) AAf 0 difference 
between easy- and hard-axis magnetization at 10 K, and (c) Af, (saturation 
magnetization) at 10 K and 1.0 T. 

crease in Curie temperature with the substitution of Co for 
Fe is indicative of a strong Ferromagnetic Fc-Co coupling. 

In contrast to earlier reports 2 that the substitution of Ai 
or Ga for Fe in Sm 2 Fe 17 does not alter the planar anisotropy, 
the present results clearly show that in compounds with 
x>2, a uniaxial anisotropy is observed. The net magnetic 
anisotropy is determined from the sum of the Fe and the 
rare-earth sublattice anisotropies. The rare-earth sublattice 
anisotropy is determined by the product of the second-order 
Stevens coefficient aj , which reflects the form of the 4/ 
charge distribution and the second-order crystal-field param¬ 
eter. A° is negative in the 2:17 compounds, 6,9,10 and a nega¬ 
tive product ajA\ gives a uniaxial contribution, it is in cases 
where aj is positive, as for Sm, that an easy-axis anisotropy 
is favored. The present studies indicate that increasing the sp 
content (at least up to x = 5) increases the uniaxial contribu¬ 
tion from the Sm sublattice as a result of an increase in the 
magnitude of the negative A 0 . 4 These changes can be under¬ 
stood in terms of the electronic structure of the RE 
environment. 11 The principal contribution to the electric-field 
gradient experienced by the Sm 4/ shell results from the 
details of the RE 5 d and 6 p electron charge density which 
must match that of the neighboring atoms on the Wigner- 
Seitz (WS) boundary. These are the 18/ TM sites which lie 
in the basal plane of the Th 2 Zn 17 structure as illustrated in 
Fig. 4. The existence of sp atoms in those sites in Al- and 
Ga-substituted compounds has been demonstrated by 
Weitzer era/. 12,13 The large electron density at the 
WS boundary of the 18/ sp atoms is analogous to the case 
of N or C interstitials in the basal plane and yields a large 
negative A 0 . 
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FIG. 4. 18/ site configuration around the Sm atoms in the rhombohedral 
Th 2 Zn n structure. 

The hysteretic properties of the uniaxial materials stud¬ 
ied here show several characteristic features: (1) large dis¬ 
tinction between the magnetization measured along the easy 
axis and along the hard axis; (2) large values of the satura¬ 
tion magnetization; and (3) moderate values of the coerciv- 
ity. These properties are illustrated in Fig. 3 for 
Sm 2 Fe 14 . ) ,Co > ,Alv Even very small concentrations of Co are 
beneficial in improving the technical magnetic properties, in¬ 
cluding an increase in the saturation magnetization and Curie 
temperature as given in Table I. 

Numerous RE-TM compounds have been studied with 
the idea of utilizing their hard magnetic properties for per¬ 
manent magnet applications. The REiFep compounds are 
attractive because of their low cost. The present work shows 
that a room-temperature uniaxial anisotropy and an increase 
in Curie temperature can be achieved by sp substitution for 
Fe. As well, the saturation magnetization in these materials is 
high and can be further improved by the substitution of a 
small quantity of Co for Fe. Further investigation of sample 


preparation methods such as e.g., ball milling is required in 
order to achieve improvement in coercivity. Pie properties 
for the materials prepared in the present work are consistent 
with the requirements for perpendicular recording materials 
and are comparable to commercially viable materials such as 
CoCr films. The present compounds also have the advantage 
of allowing for the design of materials with specific charac¬ 
teristics which are tailored to particular recording applica¬ 
tions. Further investigation of these materials for this appli¬ 
cation is warranted and will enable compositions and 
processing techniques to be refined. 
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Structural and magnetic properties of the R 2 Fei 7 .. Jt Ga ;t compounds (R=Y, Ho, 0=s*=£6) have been 
investigated. All investigated Ho 2 Fe 17 _ ;t Ga jt compounds with *>2.5 crystallize in the Th 2 Zn ]7 -type 
structure and the others in the Th 2 Ni 17 -type structure. The substitution of Ga for Fe leads to an 
increase in lattice constants a, c, and unit-cell volume, a decrease of the average Fe moment, and 
a maximum of the Curie temperature as a function of the Ga concentration at x=3, for both 
Y 2 Fe 17 _ v Ga i and Ho 2 Fe 17 _^Ga J . compounds. The high magnetic field leads to a spin phase 
transition from the ferromagnetic to the canted phase. The critical field B c of the transition decreases 
with increasing Ga concentration. The exchange interaction constants Jjj between Fe-Fe spins and 
J RT between R-T spins have been derived from a mean field analysis of Curie temperature. It has 
been found that J- n- increases at first, going through a maximum at x=3, then decreases with 
increasing x, whereas ./ RT is almost independent of the Ga content, which is consistent with the 
result obtained from a mean field analysis of the high field magnetization curves of the 
Ho 2 Fe 17 _,Ga. t . 


I. INTRODUCTION 

Since Coey and Sun reported that the introduction of 
nitrogen leads to a remarkable improvement in the magnetic 
properties of R 2 Fe 17 compounds, 1 which makes these com¬ 
pounds interesting materials for permanent magnets, the 
structural and magnetic properties of the interstitial nitrides 
have attracted much attention. In order to fully understand 
the interaction in these nitrides, it is necessary to first under¬ 
stand the exchange interaction of the R-T and T-T spins in 
their parent compounds. Previous studies of these interac¬ 
tions have shown improvement in the properties of these 
compounds by substituting other atoms for Fe or R. 2 ' 3 In this 
paper, the influence of the substitution of Ga for Fe on the 
magnetic properties of R 2 Fe 17 _ x Ga x (R=Ho, Y) compounds 
has been studied. The exchange interaction of the R-T and 
T-T spins in these compounds has been calculated based on 
a mean field analysis of the Curie temperature of 
R 2 Fe, 7 _^Ga x (R=Y, Ho), which are then compared with the 
results obtained by the mean field analysis of the high field 
magnetization curves of Ho 2 Fe 17 _,Ga A . 

II. EXPERIMENT 

The Ho 2 Fe 17 _ x Ga t (x=0, 0.25, 1.0, 2.5, 4.0, and 6.0) 
and Y 2 (Fe,_,GaJ 17 (x=0, 0.06, 0.12, 0.20, 0.30, and 0.40) 
compounds were prepared by arc melting the constituent el¬ 
ements of 99.9 wt % purity or better, and followed by an¬ 
nealing in an argon atmosphere at 1473 K for 4 h. X-ray 
diffraction was performed on powdered samples using Cu- 
Ka radiation. Magnetization measurements at 4.2 K have 
been performed in the High Magnetic Field Installation at the 
University of Amsterdam. 4 The measurements were done on 
powder particles about 30 /tm, which are sufficiently small 
to regard them as monocrystalline. During the magnetization 
measurement, the particles are free to rotate in the sample 
holder, so that they can orient their magnetic moments into 


the direction of the applied field. Magnetization versus tem¬ 
perature curves were measured in a field of 500 Oe by means 
of the vibrating sample magnetometer (VSM) between tem¬ 
peratures from 300 K to 800 K. The Curie temperature were 
derived by cr vs T plot. 

111. RESULT AND DISCUSSION 

X-ray diffraction patterns showed that the Ho 2 Fe, 7 _jGaj 
compounds forx=s2.5 crystallize in Th 2 Ni 17 , and for *>2.5 
crystallize in Th 2 Zn l7 , as shown in Fig. 1.1 he substitution of 
a larger radius Ga atom for the Fe atom makes the 
Th 2 Ni 17 -type structure unstable. The values of lattice param¬ 
eters a and c are given in Table I. The substitution of Ga for 
Fe results in a linear increase of the lattice constants in 
Ho 2 Fc 17 „ 4 Ga t compounds, reflecting the larger radius of the 
Ga atom. 



FIG. 1. The x-ray diffraction patterns of Ho 2 Fe 17 _,Ga t . v=0, 2 5, 4.0, 
and 6 0 
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TABLb I. The lattice constants (a and c), Curie temperature (T c ), saturation magnetization Ms (Am 2 /kg), and 
average iron magnetic moment (ju Fc ) for Ho 2 Fe, 7 _ 4 Ga 4 and Y 2 Fc 17 _ Jt Ga^ compounds The data between pa¬ 
rentheses a and c (±0005 A); T c (±5 K); Ms (±0 1 Am 2 /kg); fi rc (±0.02{i B /Fc). 


X 

a 

(A) 

c 

(A) 

T c 

(K) 

M s 

(Am 2 /kg) 

A* 

(Ab/Fc) 

Y 2 Fc, 7 

8.492 

8.315 

337 

166.6 

198 

Y2(Fc 0 94Ga 006 ) 17 

8 522 

8.332 

426 

152 0 

1.94 

WtFcogsGao 12 ) 17 

8.559 

8.348 

475 

137.8 

1.91 

^(FcosoGaojoln 

8.601 

8.369 

513 

119.7 

185 

T2(Fe 07 oGa 0 30 ) l7 

8.650 

8.392 

484 

99.5 

1,79 

T 2 (FC 0 60^30 4o)l7 

8.706 

8.412 

379 

81.0 

1.74 

Ho 2 Fe| 7 

8.431 

8.303 

360 

69.4 

211 

Ho 2 Fe 16 75 Ga 02 j 

8.458 

8.314 

380 

66 8 

2.11 

No>Fc 160 Ga, 0 

8.482 

8 325 

425 

58.5 

2.10 

Ho,Fc, 4 ;a 25 

8.520 

8.352 

505 

43 7 

2.09 

^°2^ e 130^ a 4 0 

8.584 

8.392 

518 

20.4 

1.91 

Ho 2 F c „ 0 Ga 60 

8.639 

8.434 

450 

0.4 

1.83 


The Curie temperature T c of the Ho 2 Fe 17 _ Jt Ga f and 
YaFej^Ga* rises rapidly at first with x, going through a 
maximum at about x=3, and falls quickly with x, as shown 
in Fig. 2. The values of Tc for these compounds are also 
listed in Table I. The Curie temperature is mainly determined 
by the Fe-Fe exchange interaction, which is sensitive to the 
Fe-Fe distance. Therefore the increase of Tc for the com¬ 
pounds with x<2 with x may be partially associated with the 
lattice expansion upon the substitution of Ga for Fe. On the 
other hand, it has previously been found that Ga, like A1 in 
Y 7 Fe 17 _ J .Al^ compounds, preferentially occupies the 6c 
sites. 5 ' 7 Therefore the substitution of Ga for Fe may decrease 
the negative exchange interaction between Fe-Fe at 6c sites 
and increase the Curie temperature of these compounds. The 
decrease of the Curie temperature for the compounds with 
jc> 3 increasing with the Ga concentration is due to the de¬ 
crease of the average iron magnetic moment and the reduced 
iron concentration. 

The saturation moment of Ho 2 Fe 17 _*Ga* and 
Y 2 Fe 17 _ x Ga J( decreases with increasing Ga concentration. 
The average iron magnetic moment /z Fe was derived on the 
basis of the saturation magnetization <j s measured at 4.2 K. 
The a, values have been corrected for the contribution of 




\ 

FIG. 2. Ga content dependence of the Curie temperature T c of Y 2 Fe 17 _ ,0a, 
and HojFcp.jGa,. 


a-Fe impurity phase to the magnetization, which could be 
deduced from the high temperature magnetization measure¬ 
ments. In the evaluation of the magnetic moment per iron, it 
was assumed that the moment of Ho is independent of the Ga 
content, and the value is the same as that of the free Ho ion 
(10/%). It can be found that the average Fe ion moment 
decreases with increasing Ga content, as shown in Table 1. 

In the rare earth-transition metal intermetallics, there arc 
three types of the interactions, namely the R-R interactions 
between the magnetic moments within the R sublattice, the 
T-T interactions between the magnetic moments of T sub¬ 
lattice, and the R-T intersublattice interactions. Among 
them, the T-T interaction is the strongest and the R-R in¬ 
teraction is the weakest, and is usually neglected. 8 According 
to the mean field analysis of Curie temperature, 8 J RT and 
J f'c F c can be expressed by 

•^RT = gR5TA t /?‘'A' 1 7lRT/22 RX (g R - 1 Kgr" 1)< (1) 

3kT c rrp c p e "F (np e p c “*t-4rr RFe np eR ) (2) 

where 

a FcFc = Z FeFt*^ FeFe* Fe ( s Fe + *) > 0) 

fl RFc°riR = ^RFe2FcR s Fe(- v Fe + 0(S~ + l)J Wc ~, 

(4) 

■^FeFc =a FcFe/^FeFe x Fc(- s Fe'b 1 )> (5) 

where o, ; is the microscopic exchange coupling parameters, 
J tj is i~j exchange constants, n RT expresses the macroscopic 
molecular field coefficients, g R =8 and j =f for Ho, the or¬ 
bital moment of the Fe atom is assumed to be quenched, so 
one takes g T -2, J T =s T , and Sj=/i f J2. Z, ; is the number of 
the nearest j neighbors of the i ion, N, is the numbers of the 
i atom per formula unit. TheJ FcFc and-/ RFe were calculated 
using Eqs. (l)-(5). The values ofy Fe p e andJ RFc as a function 
of Ga content are shown in Fig. 4. It can be seen that J RFc is 
almost unchanged with x; however, J rr increases with the 
Ga content for x<3, going through a maximum at about 
*=3, and then decreases for .v>3, as shown in Fig. 4. The 
/ RT can also be calculated from a mean field analysis of the 
high field magnetization curves. 9 For ferrimagnetic R-T in- 
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FIG. 3. The high field magnetization curves of Ho 2 Fe 17 _ I Ga I . 

termetallics, in the fields beyond a critical field strength 
B a ^n R7 \M T -M R \ (^t and A/r are the magnetization of 
the R and T sublattice, respectively), the exactly antiparallel 
R and T moments start to bend toward each other. The total 
magnetization is described by M=Bln RT and thus 

dM 

> ( 6 ) 

where M=[M R 2 +M R 2 +2A/ R M T cos(«)] ,/2 . 

The parameter n RX can be derived from the high field 
slopes for B>B C , j. We can see in Fig. 3 that the critical field 
B„ n decreases with increasing Ga concentration because of 
the decrease of A/- r ../ RFe was also calculated using the ob¬ 
tained values of n RT and Eq. (1), and the values of J RX are 
also shown in Fig. 4. They are in agreement with the results 
obtained by the mean field analysis of the Curie temperature. 

IV. CONCLUSION 

The substitution of Ga for Fe results in an increase in 
lattice constants and a transformation from the Th 2 Ni 17 -type 
structure to the Th 2 Zni 7 structure. A maximum of the Curie 
temperature with Ga concentration is due to the change of 
Fe-Fe and R-Fe exchange interaction and the decrease of 
average iron magnetic moment /z Fe . The exchange interac¬ 
tion constants J-n- between Fe-Fe spins and J RT between 
R-T spins have been derived, based on the mean field analy¬ 


FIG. 4. Ga content dependence of the exchange interaction constants J FcFc 
and J Rfc in Ho 2 Fe 17 _,Ga,. 

sis of Curie temperature. It has been found that Jjf increases 
at first, going through a maximum at x=3, then decreases 
with increasing x, whereas J RX is almost independent of the 
Ga content, which is consistent with the result obtained from 
a mean field analysis of the high field magnetization curves 
of the Ho 2 Fe 17 _ I Ga x . J FcFc is about four times J RFe . The 
critical field B a ] decreases with increasing Ga concentra¬ 
tion. 
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Magnetic properties of Sm 2 (Fe 1 _ J .Ga ;t .) 17 compounds and their nitrides have been studied. 
Substitution of Ga for Fe leads to an increase in lattice constants. Introduction of nitrogen results in 
a further increase in lattice constants. Substitution of Ga for Fe causes a dramatic change of the 
Curie temperature of the Sm 2 (Fe 1 _ JC Ga x ), 7 compounds. When *=0.2 the Curie temperature is 
enhanced by about 200 K. X-ray-diffraction patterns of aligned samples of Sm 2 (Fc, _ r GaJ 17 
compounds show that alloys with *=0.15, 0.20, and 0.25 exhibit uniaxial anisotropy at room 
temperature. The introduction of nitrogen made the samples with x^0.4 exhibit uniaxial anisotropy 
at room temperature. The Curie temperature of the nitrides decreases with the Ga concentration. The 
anisotropy fields of the nitrides derived from the high-field magnetization. The changes of the 
magnetic anisotropy, saturation magnetization, and the moment of the Fe atoms in the nitrides and 
their parent compounds with Ga concentration are discussed. 


I. INTRODUCTION 

Recently many studies on improving the magnetic prop¬ 
erties of R 2 Fe 17 compounds have been performed. The most 
striking improvements, the strong enhancements of the Curie 
temperature and uniaxial anisotropy, have been achieved by 
absorption of nitrogen. 1 The magnetic ordering temperature 
and other magnetic properties can also be improved by up- 
taking hydrogen or carbon as well as by substituting some 
elements such as Al, Si, and Co for Fe in R 2 Fe 17 
compounds. 2-7 

In the present work we have focused our attention on the 
crystal structure and magnetic properties of Sm 2 (Fe, _ t Ga r ) 17 
(*=0-0.5) compounds and their nitrides, especially on mag¬ 
netization and magnetocrystalline anisotropy. The effects of 
Ga substitution for Fe and of the introduction of interstitial 
nitrogen on the Curie temperature, the magnetic anisotropy, 
and the saturation magnetization have been determined. 

II. EXPERIMENTAL METHODS 

All SnbCFe^GaJj-, host compounds with *=0, 0.01, 
0.02, 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.5 
were prepared by arc melting. The nitrides were formed by 
heating the powder samples of Sm^Fe^Gaj),-; compounds 
in a mixture of NH 3 gas and H 2 gas under a pressure of 1 atm 
at 720 K for 20 min. 

X-ray diffraction was employed to determine the struc¬ 
ture, phase composition, the lattice parameters, and the an¬ 
isotropy of aligned samples. The thermomagnetic tx-T curves 
were measured by means of a vibrating sample magnetome¬ 
ter in a field of 0.05 T. The Curie temperatures T c were 
derived from cr-T plots. 

The high-field magnetization curves were measured at 
4.2 K in high fields up to 21 and 35 T for the host com¬ 
pounds and their nitrides, respectively, at the University of 


Amsterdam. 8 The anisotropy fields of the nitrides were de¬ 
rived from the intersection point of the high-field magnetiza¬ 
tion curves measured with the field applied parallel and per¬ 
pendicular to the aligned direction. The saturation 
magnetization was deduced from (r s -\IB plots. 

III. RESULTS AND DISCUSSION 

Based on x-ray powder diffraction, all the investigated 
Sm 2 (Fe,_ r Ga,) 17 compounds and their nitrides crystallize in 
the Th 2 Zn 17 -type structure. A small amount of impurity was 
found in a few samples. Ga substitution for Fe does not 
change the structure of Sm 2 Fe 17 , but leads to an expansion of 
the unit cell (Fig. 1). This result may be ascribed to the larger 
atomic radius of Ga atom compared to Fe. After introduction 
of nitrogen, the volume of the unit cell further increases; but, 
the magnitude of increase is smaller than that resulting from 
the Ga substitution. The nitrogen content introduced into the 
compounds, determined by weighing, decreases linearly with 
Ga concentration from 2.6 for*=0 to 1 for *=0.5. One can 
conclude that the substitution of Ga for Fe prevents the in¬ 
troduction of nitrogen. 

The Curie temperatures of Sm 2 (Fe! _ A GaJ 17 compounds 
and their nitrides are shown in Fig. 2. This figure clearly 
displays that the Curie temperature of Sm 2 (Fe,_ t Ga < ) 17 
compounds first goes up, passes through a maximum at 
about *=0.2, then decreases with increasing Ga content. The 
initial increase of T c is mainly due to the volume expansion. 
At higher Ga concentration, the average iron magnetic mo¬ 
ment decreases dramatically and causes a decrease in T c . 6 
This variation of T c may also be associated with preferential 
substitution of Ga atoms for Fe atoms. 9 Ga atoms preferen¬ 
tially substitute for Fe atoms at the sites responsible for 
negative exchange interaction. The Curie temperature of the 
nitrides decreases monotonically with Ga concentration. 
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FIG 1. X-ray-diffraction patterns of Sm 2 (Fe 1 _ I Ga x ) 17 compounds and their 
nitrides with *=0.0 and 0.5. 

When *=£0.2, the Curie temperature of the nitrides is higher 
than that of their parent compounds, this indicates that the 
introduction of N atoms results in an enhancement of the 
exchanfe interaction. 10 

X-ray-diffraction patterns at room temperature with 
Co Ka radiation for the aligned samples of Sm 2 (Fe, _ x GaJ 17 
show that the samples with *=0.15, 0.20, and 0.25 exhibit 
uniaxial anisotropy; the others are planar [Fig. 3(a)], X-ray- 
diffraction patterns of Sm 2 (Fe 1 _ x Ga x ) 17 N ) , [Fig. 3(b)] show 
that the samples with *=£0.3 exhibit uniaxial anisotropy at 
room temperature. Ga substitution for Fe in 
Sm 2 (Fe! _ x Gaj l7 compounds enhances the transition tem¬ 
perature of the anisotropy from easy plane to easy c axis. 



FIG. 2. Ga concentration dependence of the Curie temperature for 
SnijIFe, x Ga x )|, compounds and their nitrides. 
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FIG. 3. (a) X-ray-diffraction patterns with CoKa radiation for aligned 
samples of Sm 2 (Fci_ x Ga x ) 17 compounds with *=0.10, 0.15, 0.20, 0.25, and 
0.30, (b) x-ray-diffraction patterns with Co Ka radiation for aligned samples 
of Sn^lFej.jGa.IpNy compounds with *=0, 0.1, 0.2, 0 3, and 0.4. 


This may be attributed to a change of the second crystal-field 
coefficients A 20 at the rare-earth sites in Sm 2 (Fe,_ x Ga^) 17 
compounds toward a more negative values. After the uptake 
of the N atoms, the A 20 becomes more negative, 1112 which 
makes the samples of Sm 2 (Fe 1 _ Jt Ga x ) 17 N ) , with *=£0.3 have 
uniaxial anisotropy at room temperature. 

The saturation magnetization of Sm 2 (Fe,_ t Ga v ) 17 and 
their nitrides decreases monotonically with Ga concentration. 
In order to get more information about the influence of Ga 
substitution on the magnetization, the average iron magnetic 
moment /%, was calculated on the basis of the saturation 
magnetization measured at 4.2 K. In the process of evaluat¬ 
ing /t F( ,, it was assumed that the magnetic moment of the Sm 
ion is independent of the Ga concentration, and that its mag¬ 
netic moment was same as that of free Sm ion. Our results 
imply that both in the nitrides and in the parent compounds 
the iron moment yt Fe decreases monotonically with Ga con¬ 
centration. The average iron moment decreases with Ga con¬ 
centration from 2.11/% for*=0 to 1.51 /% for *=0.5 for the 
nitrides and from 1.96/% for *=0 to 1.54/% for *=0.5 for 
the parent compounds. This is a reduction of the Fe moment 
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FIG. 4. Magnetic anisotropy field B a for Sm 2 (Fe 1 _ I Ga J ) 17 N y compounds as 
a function of Ga concentration. 

due to the substitution of Ga, which is very similar to the 
case of A1 substitution for Fe in Sm 2 (Fe 1 _ A .Al y ) 17 . 4 

Introduction of nitrogen leads to a change of the mag¬ 
netic anisotropy of Sm 2 Fe 17 from planar to uniaxial in the 
whole temperature range up to T c . Substitution of Ga for Fe 
also a significantly influences the anisotropy of the nitrides. 
Figure 4 shows the anisotropy field B a as a function of Ga 
concentration for the Sm 2 (Fej -jtGaJ^Ny compounds. For 
*=£0.3, B a decreases very slowly with Ga concentration. Ob¬ 
viously there is a contribution to the uniaxial anisotropy re¬ 
sulting from the substitution of Ga for Fe. for *>0.3, B a 
decreases quickly. B a becomes zero at *=0.4, which is in 
good agreement with the results of the x-ray diffraction men¬ 
tioned above. It is well known 13 that in Sm 2 Fe 17 N y com¬ 


pounds the N atoms preferentially occupy 9e sites which are 
the nearest to the Sm atoms. The N atoms influence the crys¬ 
tal field at the Sm sites -resulting in a significant increase of 
A 20 of the Sm atoms, 11,12 so that the uniaxial anisotropy of 
the Sm sublattice increases. Ga substitution for Fe prevents 
the introduction of N atoms, so that the anisotropy field of 
Sm 2 (Fei_ x Ga x ) ]7 N ) , decreases with Ga concentration. 
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The effects of the substitution of Co for Fe on the formation, structure, and magnetic properties of 
Sm 2 Fe 14 Ga 3 C 2 compounds were studied. Alloys with composition Sm 2 (Fe 1 _ x Co ;t )i 4 Ga 3 C 2 (x=0, 

0.1, 0.2, 0.3, 0.4, and 0.5) were prepared by arc melting. X-ray diffraction shows that these alloys 
are single phase compounds of the rhombohedral Th 2 Zn 17 -type structure. The lattice constants a and 
c, and the unit cell volumes v of Sm 2 (Fe[ _ x Co x ) 14 Ga 3 C 2 compounds decrease monotonically with 
increasing cobalt concentration. It is found that the Curie temperature increases from 615 K for x =0 
to 666 K for x=0.5. Room-temperature saturation magnetization is 90.3 emu/g for x=0, and it 
decreases to 79.6 emu/g at x =0.5. All compounds of Sm 2 (Fe 1 _ x Co x ) 14 Ga 3 C 2 studied in this work 
exhibit an eas' xis anisotropy at room temperature. The anisotropy field is higher than 90 kOe 
for x*£0.2, ana it decreases slightly with *3=0.3. 


I. INTRODUCTION 

In our previous work, 1-3 it was found that the partial 
substitution of Ga, Al, or Si for Fe in R 2 Fe l7 C x helps the 
formation of high-carbon rare-earth iron compounds with a 
2:17-type structure. It is found that the high-carbon R 2 Fe 17 C x 
compounds by the substitution of Ga, Al, or Si exhibit a high 
thermal stability, in contrast with the carbides or nitrides pro¬ 
duced by the gas-solid reaction. We have prepared success¬ 
fully single-phase compounds of R 2 (Fe,M) 17 C x (R=Y, Nd, 
Sm, Gd, Tb, Dy, Ho, Er, and Tm; M=Ga, Al, or Si; and 
x=S3.0), with the rhombohedral Th 2 Zn 17 -type or hexagonal 
Th 2 Ni 17 -typc structures by arc melting, and studied their for¬ 
mation, structure, and magnetic properties. 1-4 It was found 
that the arc-melted Sm 2 (Fe,M) 17 C x compounds with x3l,5 
and relatively lower M concentration have a Curie tempera¬ 
ture of higher than 600 K, and exhibit an easy c-axis anisot¬ 
ropy at room temperature and have an anisotropy field of 
higher than 90 kOe. The Sm 2 (Fe,M) 17 C x compounds are 
novel hard magnetic materials for sintering permanent mag¬ 
nets. A high-coercivity of 15 kOe at room temperature was 
obtained in the Sm 2 (Fe,Ga) 17 C, compounds by melt 
spinning. 1,5 In .his paper, the structure and magnetic proper¬ 
ties of Sm 2 (Fe 1 _ x Co ;( ) 17 C 2 (0^x=s0.5) compounds prepared 
by arc melting are reported. 

II. EXPERIMENT 

The Sm 2 (Fe 1 _ x Co x ), 4 Ga 3 C 2 alloys with x=0, 0.1, 0.2, 
0.3, 0.4, and 0.5 were prepared by arc melting in an argon 
atmosphere of high purity. The raw materials of the Sm, Fe, 
Co, Ga, and Fe-C alloy were at least 99.9% pure. The ingots 
were melted at least four times to ensure homogeneity. An 
excess of 4.5% Sm was added to compensate for the evapo¬ 
ration of Sm during melting. X-ray diffraction measurements 
on powder samples were performed using Co K a radiation to 
identify the single phase and determine the crystallographic 
structure. The room-temperature saturation magnetization 
was measured by an extracting sample magnetometer in a 


field of 65 kOe. The Curie temperatures were determined 
from the temperature dependence of magnetization measured 
by a vibrating sample magnetometer and a magnetic balance 
in a magnetic field of 1 kOe. The aligned samples for anisot¬ 
ropy field measurements were prepared by mixing the pow¬ 
der with epoxy resin and then aligning in a magnetic field of 
10 kOe. The anisotropy field was determined from magneti¬ 
zation curves measured along and perpendicular to the ori¬ 
entation direction by using the extracting sample mag¬ 
netometer with a magnetic field of up to 65 kOe at room 
temperature. 

III. RESULTS AND DISCUSSION 

X-ray diffraction measurements show that the 
Sm 2 (Fe, . x Co x ) !4 Ga 3 C 2 alloys with x«0.2 prepared by arc 
melting are single phase with the rhombohedral 
Th 2 Zn 17 -type structure. No significant diffraction from the 
impurity phase is observed. For .v>0.2, the samples exhibit a 
predominant 2:17 phase and a few percent a-Fe as a second 
phase. However, the single-phase compounds with x>0.2 
were obtained by melt spinning at a speed of 20 m/s. Both of 
the arc-melted and melt-spun Sm 2 (Fe 1 _ l Co x ) 14 Ga 3 C 2 car¬ 
bides are found to be stable at high temperature. The stability 
of the samples results from the substitution of Ga, which 
helps the formation of the high-carbon rare-earth iron com¬ 
pounds with a 2:17-type structure. 1,2,4 

The lattice constants a and c, and the unit-cell volumes 
i; obtained from the x-ray diffraction patterns of 
Sm 2 (Fe[_ x Co,) 14 Ga 3 C 2 compounds with 0=£x=s0.5 are 
shown in Fig. 1 as a function of Co concentration. The sub¬ 
stitution of Co for Fe in the Sm 2 Fe 14 Ga 3 C 2 leads to a reduc¬ 
tion of the unit-cell volume. An approximately linear de¬ 
crease of the unit-cell volume with* is observed. For x =0.5, 
the unit-cell volume reduction is about 2.8%, compared with 
the cobalt-free compound. A similar result was also observed 
in other Fe-Co-based compounds. 

The saturation magnetization M s of 
Sm 2 (Fe!_ x Co x ) l4 Ga 3 C 2 compounds is shown in Fig. 2(a) as 
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FIG. 1. The lattice constants a and c, and the unit cell volumes v of 
Sm 2 (Fc, _ Jt Co J )i 4 Ga 1 C 2 compounds as a function of Co concentration. 

a function of Co concentration x. The room temperature 
saturation magnetization of these compounds is essentially 
constant at 90 emu/g for x^0.3. However, higher Co con¬ 
centration (x>0.3) decreases M s . 

Figure 2(b) shows the Co-concentration dependence of 
the Curie temperature T c of Sm 2 (Fe! _ x Co x ) 14 Oa 1 C 2 com¬ 
pounds. The T c is found to increase monotonously from 615 
K for jt=0 to 666 K for x =0.5. In a previous study, it was 
shown that the introduction of interstitial carbon 6 or the sub¬ 
stitution of Ga for Fe 7 in the Sm 2 Fe 17 compound results in 
the strong increase of Curie temperature. The enhancement 
of T c can be suggested to be mainly due to the lattice expan¬ 
sion induced by the introduction of carbon atoms and the 
addition of Ga atoms. However, the increase of the Curie 
temperature with increasing x in Sm 2 (Fc! - 4 Co t ) 14 Ga 3 C 2 is 
observed, although the substitution of Co results in a mono- 



FIG. 2. The room-temperature saturation magnetization M s (a), the Curie 
temperature T c (b), and the room-temperature anisotropy field H A (c) of 
SnyFe, ,Co, l 14 GaiC 2 compounds as a function of Co concentration. 
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FIG. 3. X-ray diffractions pattern of magnetically aligned 
Sm 2 (Fc, _,Co :r ) 14 Ga,C 2 powder samples, with a:=0.2 

tonic decrease of the unit cell. In general, the Fe-Fe interac¬ 
tion is dominant in the Fe-rich rare-earth iron compounds. In 
the Fe-based compounds by the substitution of cobalt, the 
Curie temperature is mainly determined by the Fe-Fe, Fe- 
Co, and Co-Co interactions. It has been shown previously 
that the exchange interaction between Fe-Co atoms is 
stronger than those between Fe-Fe or Co-Co atoms, result¬ 
ing in the increase of T c . 8 

All compounds studied in this work exhibit an easy 
c-axis anisotropy at room temperature. Figure 3 shows the 
x-ray diffraction patterns of magnetically aligned powder 
samples of Sm 2 (Fe 1 _ 4 .CoJ 14 Ga 3 C 2 , with a: =0.2. A strong 
(0,0,6) reflection and the absence of (h,k, 0) indicates 
the characteristics of an uniaxial magnetocrystalline ani¬ 
sotropy. Figure 4 shows the magnetization curves of 
Sm 2 (Fe 1 _ ( .CoJi 4 Ga 3 C 2 (.v=0.2) compound measured along 
and perpendicular to the aligned directions at room tempera¬ 
ture. The magnetocrystalline anisotropy field H A estimated 
from magnetization curves is shown in Fig. 2(c) as a func¬ 
tion of Co concentration x. The H A is found to be greater 
than 90 kOe for x^0.2, and it decreases slightly with 
increasing Co concentration. The anisotropy field of 
Sm 2 (Fe 1 _ x Co^) 14 Ga 3 C 2 (x^0.5) is comparable with that of 
Nd 2 Fe 14 B. 
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H kOe 

FIG. 4. The magnetization curves of the oriented Sm 2 (Fe 1 -jCoJuGajQ 
(x - 0.2) sample measured along and perpendicular to the aligned directic s 
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DySijFen^Co (x=0.5, 1.0, and 1.5) alloys and their nitrides are studied by x-ray diffraction, 
Mossbauer effect and neutron diffraction experiments. The results show that both Si and Co atoms 
can occupy the 8 / and 87 sites, and more preferentially occupy the 8 / sites. Nitrogen atoms as 
interstitial atoms enter into the 2b site. The nitrides have high Curie temperatures. The results of 
Mossbauer spectroscopy indicate that nitriding increases the hyperfine fields of all Fe sites. 


I. INTRODUCTION 

ThMn 12 -type Fe-rich ternary compounds R(Fe,T)i 2 , in 
which R is a rare-earth element and T is a stabilizing element 
like Ti, V, Cr, Si, et al .,‘~ 4 have a high iron content and a 
large a/c ratio, and high values for saturation magnetization, 
Curie temperature, and magnetocry .dalline anisotropy can be 
expected. The Sm-containing compounds especially show 
uniaxial anisotropy with an anisotropy field of up to 90 KOe, 
but the coercivity of samples prepared by standard powder 
metallurgy techniques does not exceed 1 KOe. The applica- 

. of mechanical alloying or rapid quenching is more suc¬ 
cessful in achieving high coercivity, but the saturation mag¬ 
netization of the samples is no higher than 1.357’. Coey 5 and 
Yang et al. 6 discovered th..i the magnetic properties can be 
improved by introducing nitrogen atoms into the lattice in- 
terslitially. This work reports on such a study, by means of 
neutron diffraction and Mossbauer spectroscopy of the struc¬ 
ture and magnetic properties of novel intermetallic com¬ 
pounds in which Fe is substituted by Co and Si atoms and 
nitrogen atoms are introduced interstitially. 

II. EXPERIMENTAL DETAILS 

Samples of DySi^Fen^Co (a: =0.5, 1.0, and 1.5) were 
prepared by arc melting toge»her with the raw elements with 
purities of Dy(99.9%), ~e(99.8%), Co(99.5%), and 
Si(99.999%). Melting was carried in a high purity argon at¬ 
mosphere. The ingots were crushed into powder (<100 jim) 
in C 2 H 5 0!' Nitriding was carried out by heating powder 
samples 500 °C for 1 h in nitrogen atmosphere. The phase 
detection was carried out by x-ray diffraction. Curie tem¬ 
peratures and saturation magnetizations were measured on a 
vibrating sample magnetometer (VSM). Neutron diffraction 
was used for analyzing the structure and the lattice occupa¬ 
tion of N atoms. Mossbauer speef. were collected using a 
conventional constant acceleration spectrometer with a 57 Co 
(in Pdf source. The velocity scale was calibrated using an 
a-Fe absorber at room temperature. 


III. RESULTS AND DISCUSSIONS 

The x-ray diffraction patterns indicated that 
DySi^Fen-jCo alloys were nearly single phase with the te¬ 
tragonal ThMn 12 -type structure. The nitrided alloy had high 
Curie temperature with 7’ ( .=450 °C and high saturation mag¬ 
netization with 8= 146 A M 2 /kg. 

The neutron diffraction experiment was carried out at 
room temperature and the neutron diffraction pattern is 
shown in Fig. 1. Table 1 shows the parameters for the crystal 
and magnetic structures of DySiFe 10 CoN (H2 alloys. Co at¬ 
oms preferentially occupy the 8 / and the 87 sites and N 
atoms enter into the 2b site. The Si atoms occupy the 8 / and 
3 7 sites as previously reported for SmFe 12 _ t Si t compounds 
in Refs. 2, 8 , and 9. 

Mossbauer spectra were obtained for DySijFcn^Co (x 
= 1.0 and 1.5) and their nitrides. The distribution of the Si 
atoms over the different lattice sites changes the near- 
neighbor environment of the Fe atoms and broadens the lines 
of the subspectra. Fitting of the Mossbauer spectra was done 
assuming that the Si atoms preferentially occupy 87 and 8 / 
sites. For x = 1.0 and 1.5, overall intensity ratios of 
7.7:7.2:7.2 and 1.1:62:6.2 for 8 /: 87 : 8 / were imposed, re¬ 
spectively. The assignment takes into account the nearest- 



F1G 1 The neutron diffraction patlcm of DySiFi| 0 CoN 04 ; al 300 K. 
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TABLE I. The structural parameters of DySiFe I0 CoN 04 2 obtained from neu¬ 
tron diffraction data at 300 K. x,y,z are atomic coordinate parameters, N is 
the atomic number on the different lattice sites, K z is the magnetic moment 
value in the z direction; R is the consistent factor; R v is the consistent factor 
for nuclear diffraction, R M is the consistent factor for magnetic diffraction, 
x 2 is the residual value. 


Atom site 

X 

> 

z 

N 

Kz(h b ) 

Dy (2a) 

0.0 

0.0 

0.0 

2.0 

-4.471 

Fe (8i) 

0.2989 

00 

0.0 

7.226 

1.511 

Si (8i) 

0.2989 

0.0 

0.0 

0.004 

0.0000 

Fe (8;) 

0.2789 

0.5 

0.0 

7.284 

1.132 

Si (8 j) 

0.2789 

0.5 

0.0 

0.744 

0.000 

Co (8 j) 

0.2789 

0.5 

0.0 

0.672 

1.132 

Fe(8 /) 

0.25 

0.25 

0.25 

5.490 

1.012 

Si (8/) 

0.25 

0.25 

0.25 

1.182 

0.000 

Co (8/) 

0.25 

0.25 

0.25 

1.328 

1.012 

N (26) 

0.0 

0.0 

0.5 

0.835 


R% 




4.37 


R*% 




4.27 


R m % 




6.19 


X 2 




1.44 



neighbor environment of each respective site and the Fe-Fe 
distance. We considered that the largest H h{ corresponds to 
the site (8i), which had the largest TM coordination. The 
lowest H hf was attributed to the 8/ sites which had the same 
coordination number as the 8 j site but the shortest mean 
Fe-Fe nearest-neighbor distance. The outer lines of the spec¬ 
tra in Si-containing compounds were much narrower than the 


inner ones, indicating the presence of a distribution of H hf . 
The Mossbauer spectra showed that nitriding makes the hy- 
perfine fields of all Fe sites increase. 

IV. CONCLUSIONS 

(1) The neutron diffraction study of DySiFe 10 CoN 042 
shows that the Si and Co atoms preferentially occupy the 8/ 
site and N atoms enter into 2b site. 

(2) Nitriding increases the hyperfine fields of all Fe sites. 
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A full electron LMTO-ASA study of electronic band structure and magnetic 
properties for RFe^TiN,, (R=Y, Nd, Sm; x=0,1) 

W. Y. Hu, J. Z. Zhang, and Q. Q. Zheng 

Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China 

C. Y. Pan 

Department of Physics, Utah State University, Logan, Utah, 84332 

The band structure and magnetic properties are studied for RFe n TiN x (R=Y, Nd, Sm; *=0,1) 
rare-earth iron intermetallic compounds using the linear muffin tin orbital with the atomic sphere 
approximation (LMTO-ASA) method. In order to elucidate the role played by the rare-earth atoms 
in these compounds, a full electron calculation is performed using a semirelativistic spin-polarized 
LMTO-ASA method in the local spin density approximation (LSDA) regime. The 4/ electrons of 
the rare-earth atoms are considered to be valence electrons in the self-consistent calculations.. For 
NdFe n TiN, a calculation in which the 4/ electrons are treated as core-frozen states is also 
performed, and is compared with the full electron calculation. The effects of N atoms in these 
compounds are also discussed. 


I. INTRODUCTION 

The rare-earth iron ternary intermetallic compounds 
have attracted great attention as promising new permanent 
magnetic materials. Theoretical first-principle calculations 
regarding these materials are few, because of the complexity 
of these systems and the presence of the rare-earth 4/ elec¬ 
trons. In early works, band structure calculations of the elec¬ 
tronic structure of these materials often focused on the Y 
compounds. For instance, Jaswal e/a/. 1 and Sakuma 2 have 
calculated tb: electronic structure of Y 2 Fe 17 N x (*=0,3) and 
YFe n TiN x (*=0,1), respectively, using the LMTO-ASA 
band method. Choosing Y rather than the rare-earth atoms 
avoids the trouble of considering 4/ electrons, but these sys¬ 
tems differ from the realistic materials that have applied 
prospects. These results using Y may only provide some 
qualitative discussion about the rare-earth iron compounds. It 
is better to perform the electronic structure calculations for 
realistic systems. Jaswal 3 has used a simple method in which 
the 4/ states were treated as frozen-core states for Nd 2 Fe 14 B. 
Hummler et al. 4 have studied R 2 Fe 14 B (R=Gd, Tb, Dy, Ho, 
and Er) using a so-called “open core” approximation in 
which 4/ electrons are not allowed to hybridize with other 
valence electrons. The latter approximate method can only 
consider the effects on the 4/ energy level by the crystal field 
and the possible hybridization and charge transfer are ne¬ 
glected. Recently, Asano et al. 5 have studied the electronic 
structure of RFe 12 A (R=Y, Ce, Gd; A=N, C), and the 4/ 
electrons were treated as valence electrons. Their results in¬ 
dicate that the calculation of the electronic structure can ex¬ 
plain the experimental results in the frame of the Stoner- 
Wohlfarth theorem. In their work, the role of N or C atoms 
are not discussed sufficiently. Zeng et al. 6 have calculated 
the electronic structure of R 2 Fe 17 N 3 _ 5 (R=Sm, Nd, and Gd; 
<5=0,3) using the cluster method. Their results imply that 
there are relatively strong hybridizations between 4/ and 
other valence electrons. Many experiments also show that 
there exist differences in the properties of R-Fe-A com¬ 
pounds for different rare earths, especially for light rare 
e irths. This difference Cuiinoi be attributed to the de Gennes 


factors completely. Hence, treatment of the 4/ electrons as 
valence electrons in the band calculations is necessary. 

In this work, the full-electron self-consistent spin- 
polarized band calculation for RFe u TiN^ (R=Y, Nd, and 
Sm; *=0,1) has been performed using the semirelativistic 
LMTO-ASA method. The frozen core approximation is used 
for the inner close shells for simplification. The maximum l 
is taken as / max =3 for R, / max =2 for Y, Fe, Ti, and / max =l 
for N. The crystal structure of RFe tl TiN x is as shown in Ref. 
2 and the lattice parameters arc from Refs. 2 and 8. The ratio 
of the atomic sphere radius is r R :r Fc :r Tl =1.23:1.00:1.10 for 
RFe,,Ti and r R :r Fc :r Tl :r N =1.40:1.15:1.25:1.00 for 
RFe,,TiN x . As a comparison, a calculation of electronic 
structure for NdFc,,TiN is also performed, with the 4/ elec¬ 
trons of Nd in a frozen core approximation. 

II. RESULTS AND DISCUSSION 
A. Magnetic moments 

The magnetic moments of R, Fe, aw; N (for* = l) atoms 
in RFe u TiN x compounds are listed in Table I. In the case of 
*=0, the Fe(8/) atoms have the highest moments and the 
Fe(8/ ) atoms have the lowest ones. The average moment of 
Fe atoms is 2.\Apt h , 2.23p h , and 2.15/r ft for YFe n Ti, 
NdFe n Ti, and SmFe n Ti, respectively. These results are simi¬ 
lar to those of Asano et al. for YFenTi 1 and those of Jaswal 
for NdFenTi. 8 The calculated magnetic moments are slightly 
higher than the experimental values. This discrepancy seems 
to possess a systematic character and is insensitive to the 
radius of atomic sphere used in different works. It is inter¬ 
esting to note that the magnetic moments may slightly de¬ 
pend on the number of k points used in the band calculation. 
There are 126 k points in the irreducible Brillouin zone in 
our self-consistent calculation, which is smaller than the 215 
k points used by Asano et al 5 but larger than the six k points 
used by Jaswal. 8 The calculated total magnetic moments of 
transition metal atoms are 22.60 (i b , 23.51 p h , and 22.16p b 
for YFe n Ti, NdFe u Ti, and SmFe u Ti, respectively. In the 
LMTO calculation, the nonzero contribution of the orbital 
moment for rare-earth atoms was not evaluated. Due to the 
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TABLE I. Calculated local and total magnetic moments (in /tj/atom and /i 6 /f.u., respectively) fo' R1 t1N,(R-Y, Nd, and Sm, x=0,l). 



YFe„ 

TiN, 

NdFenTiN, 

Sm! e,iTiN, 

u 

11 

o 

x = l 

* 

II 

o 

x — 1 

H 

II 

O 

x — 1 

R(2a) 

-0.42 

-0.34 

2.73 

2 89 

5.19 

-5.69 


(0.00) 

(0.00) 

(2 71) 

(1.38) 

(0.55) 

(-0.28) 

Fe(8;) 

2.25 

2.25 

2 33 

2.25 

2 25 

2.18 

Fe(8 /) 

172 

2.17 

1.88 

2.11 

111 

2.05 

Fe(8i) 

2.54 

2.62 

2.56 

2.61 

2.51 

2.62 

Ti(8i) 

-0.94 

-1.02 

-0.96 

-0.99 

-0.89 

-103 

N(26) 


0.10 


0.07 


0 09 

Fc 

2.14 

2.32 

2.23 

2.30 

215 

2.25 

(aver.) 

(1.69) 

(198) 

(1.69) 

(1.98) 

(1.69) 

(1.98) 

Total 

22.14 

24.28 

26.29 

27.24 

27.91 

18.15 


(18.57) 

(21.75) 

(21.27) 

(23.22) 

(19.12) 

(21.23) 


a Thc bracketed data are experimental data from Ref. 12, f.u. denotes the formula unit, and Fe (aver.) represents the average Fe magnetic moment. 


magnetic anisotropy, the magnetic moments of the rare-earth 
and iron atoms may be not collinear. In Table I, only the spin 
moments are listed for the rare-earth atoms. The moment of 
each Y atom is -0.42/x fc , which comes from the polarization 
of the Ad, 5 s electr « The spin moment of Nd and Sm in 
RFe,,Ti is 2.73 p b . 'p b , respectively. Due to the ne¬ 
glecting of spin orbit waging and the orbital moment in our 
semirelativistic LMTO-ASA calculations, one cannot com¬ 
pare the spin moments directly with experimental magnetic 
moments of rare-earth ions. However, our calculations will 
describe the coupling of moments between Fe and rare-earth 
atoms. The self-consistent calculations reveal a ferromag¬ 
netic coupling between the spin of Fe and Nd (or Sm) in Nd 
(or Sm) Fe u Ti compounds. The moment of each Ti atom is 
-0.94/u,,, -0.96/x h , and -0.89/z fc for Y, Nd, and Sm com¬ 
pounds, respectively, which is antiferromagnetically coupled 
with the Fe moments. This antiferromagnetic coupling be¬ 
tween Fe and Ti is similar to that of YFe 8 T 4 discussed by 
Coehoorn. 9 

The magnetic moment of Fe atoms are increased by the 
uptake of nitrogen, which is in agreement with experiments. 
The largest Fe moments are still associated with the Fe(8i), 
but the largest increment of moments are associated with the 
Fe(8/) atoms, which is 0.55p b , 0.23 p b , and 0.28 p b for 
YFe u TiN, NdFe u TiN, and SmFe u TiN, respectively. The 
moments of Fe(8;') atoms, which are the nearest neighbors 
of N atoms, are not changed for YFe n TiN, and even show a 
small reduction for NdFe n TiN and SmFe u TiN. The mo¬ 
ments of Ti are still antiferromagnetically coupled to the Fe 
sublattice, and have a -0.1 fi b increment. There is a moment 
of 0.1 fjL b on N atoms due to the spin polarization of s,p 
electrons. The average moment of Fe atoms is 2.32p b , 
2.30 p b , and 2.25/x^ for Y, Nd, and Sm compounds, respec¬ 
tively. It seems to be a general trend that the magnetic mo¬ 
ment of Fe in iron nitride depends on the distance from 
neighboring N atoms. The results of Fe 4 N, Fe l6 N 2 , 10 
R 2 Fe 17 N 3 , 6 and RFe a TiN show that the lowest magnetic mo¬ 
ment of Fe always corresponds to the nearest neighbor of a N 
atom. The moments of Nd in Nd compounds and that of Sm 
in SmFe u Ti are ferromagnetically (FM) coupled to the mo- 
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ments of Fe. This coupling becomes antiferromagnetic 
(AFM) for the SmFe n TiN compound. This fact is qualita¬ 
tively in agreement with the measurement results of Yang 
etal." 


B. Density of states 

The calculated partial density of states (PDOS) of 
YFe,,Ti and YFe,,TiN are similar to that of Sakuma. 2 After 
uptaking N, the 3 d band of Fe atoms become narrower, due 
to the increased distance between Fe atoms. The PDOS of 
majority moment of the 3d band is slightly low, which pro¬ 
duces an enhancement of the moment of Fe and a reduction 
of the DOS at Fermi surface E f . Then the reduction of 
N(Ef) is responsible for the increase of Tc in these com¬ 
pounds. There is explicit hybridization between 3d of 
Fe(8j) and N 2 p at an energy about 6 eV below Ef. The 
effect of the presence of N atoms is not only changing the 
crystalline field, but also producing a hybridization between 
electrons of N, Fe(8y), and Y. 

The PDOS of SmFe n TiN A (*=0,1) are shown in Fig. 1. 
The essential situation is similar to that of Y compounds, 
except for the PDOS of the rare-earth atoms. These facts 
confirm that the discussion based on the calculated results of 
Y compounds can give a qualitatively correct conclusion 
about magnetic moments. From these figures, the spin polar¬ 
ization of the N 2 p band in these magnetic materials is 
small. The main contribution of the N 2 p band is around the 
energy of -4.5--8.0 eV. It is worthwhile to point out that 
the difference between the full Jectron and frozen 4/ calcu¬ 
lation reveals the effect of interaction among the 4/ electrons 
of rare-earth atoms, 3d of Fe(8j), and 2 p of N atoms. The 
hybridization is taking place among not only N 2 p, Fe(8y) 
3d and 4s, R(Nd, Sm) 5 d and 6s, but also 4/ of Nd or Sm. 
It is interesting to point out that, for the case of SmFe n TiN, 
although we begin with a ferromagnetic coupling between 
moments of R and Fe, the self-consistent calculation gives an 
antiferromagnetic coupling between Fe sublattice moments 
and a Sm 4/ moment, which is in agreement with the experi¬ 
ments of Yang et al. u It is well known that the spin-orbit 
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FIG. 1. The PDOS of (a) SmFcnTi, (b) SinFe u TiN; the full and doited curves show the up and down spin states, respectively 


coupling is important for the rare-earth atoms. The spin- 
orbit interaction, together with the crystalline field, is the 
source of magnetic anisotropy of rare-earth atoms in these 
compounds. In this stage, the calculation including spin- 
orbit coupling may be important for a quantitative compari¬ 
son. 

In conclusion, we have studied the electronic structure of 
permanent magnetic materials RFe u TiN A (R=Y, Nd, and 
Sm; x=0,l) using the LMTO-ASA band method. By com¬ 
paring our full electron calculation with that for Y com¬ 
pounds, or using the frozen core approximation, the main 
conclusions can be summarized as fl) studies for Y com¬ 
pounds can give correct results of the magnetic moment of 
Fe atoms; (2) the 4/ electrons of the rare-earth atoms do 
have hybridization with other valence electrons to some de¬ 
gree; and (3) a full electron calculation can give the correct 
relation of moments between rare-earth and iron atoms. 
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Magnetic properties and molecular field theory analysis of RFe 10 Mo 2 alloys 
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The RFei 0 Mo 2 compounds (R=Y, Nd, Gd, Dy) with ThMn 12 type structure have been synthesized, 
and their magnetizations have been investigated in the temperature range from 2 to 800 K using a 
SQUID magnetometer. The Curie temperature, saturation moments, and measurements, as well as 
molecular field analysis of the temperature dependence of the magnetization are reported. Our work 
demonstrates that the molecular field analysis based on a two-sublattice model is capable of quite 
accurately describing the temperature dependence of the magnetization for the RFe 10 Mo 2 
compounds. The results also suggest that the moments of the R and Fe sublattices are nearly 
collinear in a large temperature range. According to the calculated molecular field coefficients, we 
find that the magnetic interactions are dominated by exchange between iron 3d electrons, and, on 
the other hand, ine strength of the R-R interaction has even the same order as that of the R-Fe 
interaction. 


I. INTRODUCTION 

The Fe-rich ternary compounds RFe^TM* (R=rare 
earth or yttrium, TM=Ti, V, Cr, Mo, Si, etc.; jc= 1 or 2) 1 ' 5 
have attracted much attention as possible candidates for per¬ 
manent magnet applications. They crystallize in the tetrago¬ 
nal ThMn 12 type structure with space group 14/mm. 1 In this 
structure, the R atoms occupy the crystallographic 2 a site 
and the 3d atoms occupy the 8/, 8/, 8/ sites. The molecular 
field theory (MFf) is commonly used to describe the tem¬ 
perature dependence of magnetization in the R-T com¬ 
pounds, and it has been shown to be quite successful. 2-6 In 
this paper, we present studies of the RFe, () Mo 2 series with 
R=Y, Nd, Gd, and Dy. The molecular field theory based on 
a two sublattice model 2 was used to analyze the experimental 
data. 


II. EXPERIMENT 

Samples for this investigation were prepared by arc 
melting appropriate amounts of Fe, Mo, and rare earth ele¬ 
ments (Y, Nd, Gd, and Dy) under a purified argon atmo¬ 
sphere. As cast samples were vacuum annealed at 1000 °C 
for a week. All samples are almost single phase, as deter¬ 
mined by both x-ray powder diffraction and thermomagnetic 
analysis. A Quantum Design SQUID magnetometer with an 
external field up to 5.5 T was used to measure the magneti¬ 
zation of powdered samples in a temperature range from 2 K 
to their Curie temperatures. The expenmental values of the 
Curie temperatures (7 C ) were determined by means of the 
linear relationship M 2 (T)^(l-T/T c ) near the T C (T^T C ). 

III. ANALYSIS AND RESULTS 

According to the two sublattice MFT, the molecular field 
acting on the R sublattice and Fe sublattice is separated, and 
can be expressed, respectively, as follows: 

H R (T)=H+d[n RR M R (T)+10n Rf M F (T)], (1) 

H T (T)=H+d[l0n hf M F (T)+n Rf M R (T)l (2) 


where H is the applied field, M R {T) and M ?a (T) represent 
the magnetic moment per rare earth ion and per Fe ion, re¬ 
spectively, at temperature T. The factor d converts the mo¬ 
ment per RFe 10 Mo 2 in /j, B to Gauss: d = N A /x B p/A , where N A 
is Avogadro’s number, p is the density of RFe l0 Mo 2 in g/cm 3 , 
and A is the formula weight of RFe 10 Mo 2 . n m , n RF , and n FF 
are the molecular field coefficients, which describe the R-R, 
R-Fe, and Fe-Fe magnetic interactions, respectively. 

The temperature dependence of each sublattice magneti¬ 
zation is governed by a Brillouin function: 


M r (T)=M r (0)Bj 


M r (0)H r (T)\ 

k B T r 


(3) 


M f (T) = M f (0)Bj f 


M f (Q)H f (T)\ 

k B T r 


(4) 


where M R ( 0) and A/ f (0) are the magnetic moments of R 
and Fe at zero temperature, respectively. J R and J F are the 
individual R and Fe angular moments. 

In the calculations, the free ion moment is used for the 
rare earth ion, i.e., M R (0) = gjJ R , and M F (0) can be de¬ 
duced from the observed low temperature moment: 

A/ f (0) = [A/ cxp (0)±A/«(0)]/10, (5) 

where “ - ” applies for the light rare earths Nd and Y, and 
“ + ” applies for the heavy rare earths Gd and Dy. 

The coefficients « are determined by numerically solv¬ 
ing Eqs. (l)-(4), under the condition that the calculated total 
moments, 


M tol (T) = M r (T)± 10M f (T), 


( 6 ) 


correspond best with the experimental data. This is done by 
minimizing the percentage deviation, 


fl = 100 


SlAf exp (r,)-M, ol (T,)| 
SAW T,) 


(7) 


where M exp (T,) is the magnetization observed at temperature 
T,. No other constraints are imposed. From Fqs. (3) and (4), 
the Curie temperature in the zero field is related to the n i; by 
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TABLE I. Density p, rare earth gyromagnetic ratio gj , and total angular momentum J R used in MFT calcula¬ 
tions. npf, /j RF , and n RR are the computed molecular field coefficients The MFT calculated T c and experi¬ 
mental T c are listed. R% is the quality-of-fit index defined by Eq. (7). 






Af R (0) 

(a«) 

(As) 




R% 

T c 

(K) 

R 

(g/cm 3 ) 

gj 

Jr 

/Iff 

n RF 

n RR 

(%) 

cal. 

exp. 

Y 

8.03 

8 

11 


36 

11 

1.73 

4562 



3.5 

327 

350 


7 60 

9 

5 

ft 

2 

1.53 

8780 

2000 

1900 

4.0 

445 

420 


8.0 

2 

7 

1.65 

6300 

-2500 

2300 

4.0 

465 

480 

Dy 

7.83 

4 

3 

10 

1.61 

6120 

-1100 

1000 

3.0 

383 

390 


(« FF a+« RR ^)+ V(n F F« + «RK^) 2 -4a/3(/i FF n RR -/tR F ) 


2 afi 

where 

os [3JR/(JR+ l)][kB//xBd]MR2(0 ): 

[3J T /(J T +l)][k B /y B d\ 

P IOM 2 t (0) ' 

For compounds with R=Y, we have 


( 8 ) 


( 9 ) 


n pc o 

T c =j- = l0n ¥ ,M 2 T m(Jr+mJ T M/k B ]. (10) 


Table I summarizes the experimental information, such 
as low temperature magnetization M s ( 0) and Curie tempera¬ 
ture T c of RFe 1() Mo 2 intermetallics. The low temperature 
magnetization M s (0) was measured at 2 K in a field of 3 T 
by means of a SQUID magnetometer. The parameters used in 


the calculations and the MFT coefficients for each RFe I0 Mo 2 
compound by solving Eqs. (l)-(7) numerically are also sum¬ 
marized in Table I. The moment of an Fe atom at 0 K is 
about 1.7/Up in these compounds. We chose J F =\.0 in the 
calculations. 

In Figs. 1-4, the temperature dependence of the magne¬ 
tization for four RFe 10 Mo 2 compounds is plotted. The data 
are represented by circles, while the MFT calculation results 
for total moment A/ lot (7’), rare earth sublattice moment 
M r (T), and Fe sublattice moment M ?C (T) are indicated by 
solid, dashed, and dot-dashed lines, respectively. MFT with 
a single coefficient (it FF ) provides a quite reasonable descrip¬ 
tion of the temperature dependence of the magnetization for 
YFe I0 Mo 2 , as Fig. 1 shows. The percentage deviation be¬ 
tween the measured and calculated values is R= 3.5%, and 
7'£? i =327 K is about 6% lower than the observed Curie tem¬ 
perature of 350 IC. 

Figures 3 and 4 show that the two-sublattice model with 
the assumption of ferrimagnctically coupled R and Fe mo¬ 
ments yields results in excellent correspondence with the 
data for GdFe 1() Mo 2 and DyFe 1() Mo 2 . The Curie tempera¬ 
tures calculated are consistent with the experimental values. 



Temperature (K) 


FIG. 1 The temperature dependence of the magnetization of YFe 10 Mo, 
Circles represent the experimental data and the solid line represents the 
MFT results 



FIG 2 The temperature dependence of the magnetization of NdFe 10 Mo 2 
Circles represent the experimental data. Lines represent the MFT results 
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FIG 3 The temperature dependence of the magnetization of GdFc l0 Mo 2 . 
Circles represent experimental data. Lines represent MFT results. 

Our calculations demonstrate that the two-sublattice 
MFT is quite successful in describing the temperature depen¬ 
dence of magnetization in the RFe 10 Mo 2 series. The results 
also suggest that the moments of R and Fe sublatticcs are 
nearly collinear. In all instances, we found that « FF is the 
largest of the computed molecular field coefficients (cf. Table 
1). This implies that the magnetic interactions are dominated 
by the exchange between 3 d electrons. On the other hand, 
the strength of the R-R interaction cannot be neglected, as it 
has nearly the same magnitude as that of the R-Fe interac¬ 
tion. Such behavior seems to a common feature in a number 
of R-Tcompounds, for example, RFe 3 , 2 R 2 Co 17 , 5 RFe U) V 2 , 7 
and R 2 Fe 14 B. 8 These observations suggest that, in order to 
obtain a more realistic account of magnetic behavior in R-T 



FIG 4. The temperature dependence of the magnetization of DyFe 10 Mo 2 
Circles represent experimental data. Lines represent MFT results. 

intcrmetallic compounds, one may have to consider the ef¬ 
fect of crystal field interactions on the R sites. 
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Magnetic alignment in powder magnet processing 

s. Liu 

University of Dayton Research Institute, Dayton, Ohio 45469-0170 

A strong magnetic field is used to align single-crystal powder particles in the process of producing 
sintered powder permanent magnets, including hard ferrites and rare-earth permanent magnets. The 
applied magnetic field aligns the easy direction of magnetization of each particle, owing to strong 
crystalline anisotropy. Shape anisotropy, existence of particles containing multigrains, and physical 
interlock between particles reduce the degree of alignment. This study provides a quantitative 
analysis of magnetic alignment in powder magnet processing. We assume (1) the powder particle is 
a single crystal; (2) it has the shape of an oblate spheroid and its short axis is the easy direction of 
magnetization; and (3) the applied magnetic field is strong enough to overcome the resistance of 
alignment. By applying the minimum-energy principle, it was concluded that the necessary and 
sufficient condition for a complete magnetic alignment is that the magnetocrystalline anisotropy 
constant K j of the particles is greater than its shape anisotropy constant K s , provided the applied 
magnetic field is strong enough. When K S >K X + 2 K 2 , the angle between the short axis of the oblate 
particle a nd the direction of applied magnetic field is 90°, and when K x ^K s ^K x + 2K 2 , the angle 
is arcsin \I(K S -K i )/2K 2 . 


The fabrication of powder magnet materials involves a 
comp'icated multistep process. For example, the production 
of high performance sintered Sm 2 (Co,Fe,Cu,Zr) 17 permanent 
magnets involves seven major steps: melting and casting, 
homogenization, crushing and milling, magnetic alignment 
and compacting, sintering, solid solution treatment, and ag¬ 
ing. Each step includes three or more process variables. A 
quantitative analysis of each step in powder magnet process¬ 
ing would lead to an insight into the physical and/or chemi¬ 
cal processes involved in each step. This is not yet possible 
for all steps in the processes due to the complexity of the 
problem. Magnetic alignment is perhaps the simplest step in 
the whole processing procedure for producing powder mag¬ 
nets; therefore, it is possible to explore this step in some 
detail. 

The most useful magnets are anisotropic with a single 
preferred axis of magnetization, requiring that the c axes of 
all grains in the sintered magnet are aligned parallel. This is 
achieved by applying a magnetic field strong enough to align 
the particles against the frictional force, and then compacting 
to immobilize them in this state.. The crystal texture is main¬ 
tained through the subsequent sintering and homogenizing if 
properly conducted. 1 Magnetic alignment is used to produce 
all types of anisotropic powder permanent magnets, includ¬ 
ing hard ferrites, SmCo^, Sm 2 TM 17 , and Nd-Fe-B magnets. 

If all particles are perfect single-crystal spheres, or if the 
long axes of all particles happen to be the easy direction of 
magnetization, then perfect alignment can be obtained, pro¬ 
vided the applied magnetic field is strong enough. Obviously, 
the real case is more complicated. Shape anisotropy (if the 
long axis of a particle does not happen to be the easy direc¬ 
tion of magnetization), the existence of particles containing 
multigrains, and the physical interlock between particles re¬ 
duce the degree of alignment. 

Assume (1) the powder particle is a single crystal; (2) it 
has the shape of an oblate spheroid and its short axis is the 
easy direction of magnetization; and (3) the applied magnetic 
field is strong enough to ove r come the resistance of align¬ 


ment. These assumptions are appropriate for several reasons. 
First, the size of the powder particle used for powder magnet 
production is usually in the range of 1-5 /zm, far smaller 
than the grain size of the starting materials. Therefore, most 
powder particles can be considered single-crystal particles. 
Second, all powder magnet materials are of uniaxial crystal 
structure (hexagonal, rhombohedral, or tetragonal), and the 
basal plane is the most densely packed crystal plane. Break¬ 
ing into particles having a shape similar to an oblate spheroid 
with its c axis to be the short axis rather than a prolate 
spheroid with its c axis to be the long axis during crushing 
and milling is an energetically favorable process. Actually, 
needle-like particles (prolate spheroid) are seldom observed 
for either hard ferrites or rare earth-transition metal alloys. 
Third, in practice, the applied magnetic field for powder 
alignment is either a dc magnetic field of 20-30 kOe or a 
pulse field of 70-100 kOe. These fields are proved strong 
enough to overcome any resistance of alignment. 

When a magnetic field is applied, the shape anisotropy 
tends to align the long axis (a axis) parallel with the direc¬ 
tion of the applied field. On the other hand, the crystalline 
anisotropy tends to align the short axis (c axis) parallel with 
the applied field. Obviously, the orientation of the particle in 
a given applied field is determined by the balance between 
the shape anisotropy energy and the crystalline anisotropy 
energy, rather than simply by the strength of the field. Sup¬ 
pose the angle between the c axis of the oblate particle and 
the direction of applied field H is <£, as shown in Fig. 1, the 
shape anisotropy energy, E s , and the crystalline anisotropy 
energy, E c , of the particle are 

E S =K S sin 2 (90 ~4>) = K S cos 2 <f>, (1) 

E C =K X sin 2 <t>+K 2 sin 4 4>, (2) 

respectively, where K s is the shape anisotropy constant and 
K x and K 2 are the crystalline anisotropy constants of a 
uniaxial crystal, which all powder magnets, including hard 
ferrites and rare earth magnets, belong to. The total energy of 
the system is 
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FIG. 1. Orientation of an oblate spheroid in a magnetic field. 


E=E C + E S , 

and the minimum energy condition requires 
tIE 


(3) 

(4) 


Let us determine the angle 0 corresponding to the minimum 
energy condition by the following two steps. 

Step I. Considering only a single anisotropy constant, 

Ki¬ 
ln this case, Eq. (3) becomes 

E = K { sin 2 <f>+K s cos 2 0. (5) 

For the minimum energy condition, we have 


— = =K, sin 20-K s sin 20=(K,-K s )sin 20=0. (6) 

If K { =K S , 0 can have any value (but not only 45°, as com¬ 
mon sense may lead to). If K^K S , then dE/d(j >=0 when 
sin 20=0 or 0=0 or 90°. In order to determine 0, corre¬ 
sponding to the minimum energy condition, the second de¬ 
rivative, 

^ = 2(K,-K J )cos20, (7) 


should be positive. If K X >K S , when <£=0°, cos 20= 1, and 
thus d 2 E/d<j> 2 > 0. Therefore, E has the minimum value. If 
K^K^, when 0=90°, cos 20=-1, d 2 Eld'f> 2 > 0, E also 
has the minimum value, as shown in Table I. 

Step II. Taking into consideration both K l and K 2 . 

In this case, Eq. (3) becomes 

E=(K l -K,)sin 2 d>+K 2 sin 4 0-f-. (8) 


TABLE I. Angle <p corresponding to the minimum energy condition. 


k 2 

Relation among 
K s ,K t , and K 2 

4> 

For minimum energy 


K s =K t 

any 0 

* 

II 

0 

K S >K { 

90° 


K,<K t 

0° 


K s >K t + ZK 2 

90° 

*2>0 

K S <K, 

0° 


K,^K s ^K t + 2K 2 

arcsin\/(/Cj-K,)/2A2 


For a minimum energy condition, we have 


dE 

d<p 


= (£j-/C s )sin 2<p+2K 2 sin 2 0 sin 20=0. 


(9) 


It is obvious that the first two solutions of Eq. (9) are 0, =0° 
and 02= 90°. In order to determine <)> corresponding to the 
minimum energy, we calculate the secondary derivative, 



= 2{K i -K s )cos 20+2£ 2 (sin 2 20 


+ 2 sin 2 0 cos 20). 


( 10 ) 


If /Cj>/C s , when 0=0°, we have cos 20=1, sin 20=0, and 
sin 2 0=0. So, d 2 E/d(p 2 >0. Therefore, E has a minimum 
value. Substituting 0=90° into Eq. (10) yields 

d z E 

jp=2[K-{Ki + 2K 2 )}, ( 11 ) 

when K S >K X + 2K 2 , d 2 E/d<f> 2 >0. Thus, E has a minimum 
value. 

If 0^0°, 0=A9O°, and O°<0<9O°, then sin 20=AO°, and 
Eq. (9) becomes 


dE 

d<p 


= (K y -K s ) + 2K 2 sin 2 


0=0 


( 12 ) 


or 


sin 2 4>={K s -K\)I2K 2 , 

0 = arcsin \j(K s -K y )/2K 2 , 


(13) 


and obviously K s must not be smaller than K u and K s -K l 
must not be greater than 2 K 2 . The secondary derivative of E, 
with respect to 0, should be evaluated at the angle 0 for 
which dE/d(f)= 0. It is obvious from Eq. (12) that 


drE 

- 77 T ~2Ki sin 20 . 
d<p~ 


(14) 


When O°<0<9O° and K 2 > 0, d 2 E/d4> 2 > 0; thus E has a 
minimum value. The above results are summarized in 
Table I. 

It is obvious that increasing the strength of the applied 
magnetic field only helps to overcome the resistance of 
alignment caused by the physical interlock between particles, 
but cannot align the powders unless K S <K ]. In other words, 
the necessary and sufficient condition for a complete mag¬ 
netic alignment is K S <K { , provided the applied magnetic 
field is strong enough. This conclusion was supported by our 
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TABLE 

(Sm,.*. 

II. Data summary for crystalline 
. > Pr I Nd ) ,) 2 (Co ! _„Fc„) 17 (10 6 erg/cm 3 ). 

anisotropy 

constants 

X 

y 

V 


*2 

Reference 

0 

0 

0 

32 


3 

0 

0 

0.2 

43 


3 

0 

0 

0.3 

35 

1.4 

4 

0 

0 

0.4 

14 


3 

0 

0.1 

0.2 

29 


5 

0 

0.3 

0.2 

16 


5 

0 

0.5 

0.2 

15 


5 

0 

0.5 

0.3 

11 


5 

0.3 

0 

0.3 

17 


5 


experiments of Nd, Pr substituted Sm 2 TMi 7 permanent mag¬ 
nets. Table II summarizes crystalline anisotropy constant val¬ 
ues for (Sm 1 _ x _ >r Pr ;t Nd >1 ) 2 (Coi_ u Fe u )i 7 . Table III lists the 
calculated demagnetizing factors and shape anisotropy con¬ 
stants for a oblate spheroid with various a/c ratios, r. Equa¬ 
tions used for these calculation are as follows: 2 

JV c =4'nr 2 /(r 2 -l)[l- \/l/(r 2 -l) sin -1 sjr 2 - 1/r, 

(15) 

Af a = 0.5(4ir-tf e ), (16) 

K s =0.5{N c -N a )M 2 . (17) 

It can be seen from comparing Tables II and III that for 
magnet alloys of (Sm,_ x _ ) ,Pr l Nd ) ,) 2 (Co 1 _ l ,Fe u ) 17 in most 
cases, K X >K S . This means that crystalline anisotropy domi¬ 
nates. However, with further extensive increasing Fe substi¬ 
tution for Co, or with further extensive increasing Pr and/or 
Nd substitution for Sm, it is possible for K x to drop to a level 
lower than K s . This would decrease the degree of alignment 
and reduce values of remanence, B r , and the maximum en¬ 
ergy product, (BH) max , of the magnets. For powder perma¬ 
nent magnet materials with uniaxial crystal structure, the de¬ 
magnetizing curves in the first quadrant are more or less like 
a straight line, and the slope of this line reflects the degree of 
powder alignment. What happens in the first quadrant de¬ 
magnetizing process is that the magnetization vector in every 
grain (each individual grain was developed from one or more 


TABLE III. Calculated demagnetizing factors and shape anisotropy con¬ 
stants (for M = 1000 G). 


r 


N* 

K, 

VlC*’ rg/cm 3 ) 

1.5 

5.60 

3 48 

106 

2 

6 63 

2.97 

1.83 

3 

7.98 

2.29 

2.85 

5 

9,43 

1.57 

3.93 

10 

10.82 

0 87 

4.97 

50 

12.18 

0.19 

5.99 

100 

12 37 

0.10 

6 14 

a 

47T 

0 

6.28 



FIG. 2. Dependence of B r /Ai:M l0 on LR content, x. 

powder particles during the sintering process) turns back to 
the nearest easy magnetization direction. If the powder par¬ 
ticles are perfectly aligned and this crystal texture is main¬ 
tained during the sintering process, then the demagnetization 
curve in the first quadrant would be a straight line parallel to 
the horizontal axis, and the ratio of B r /4 ttM s would be equal 
to 1. In another extreme, if the powder particles are of a 
completely random distribution, then, according to Chika- 
zumi’s calculation, 6 B r l4-nM s would be equal to 0.5. There¬ 
fore, for a material with uniaxial crystal structure, the ratio of 
BJ4ttM s should have a value ranging from 0.5 (correspond¬ 
ing to a completely random distribution) to 1.0 (coriespond- 
ing to a perfect alignment). So, B r l4iTM s can serve as a 
good measure for the degree of particle alignment. 

In practice, 47rM 10 , the magnetization value in a 10 kOe 
applied magnetic field, is a good approximation to 
47 tM s . Figure 2 shows the dependence of B r /4vM X{) 
upon the light rare earth (LR) content, x, for 
Smj_ x LR x (Co ba |Fe 0 28 ^ 0 . 06 ^ 0 . 02)7 78 w '^ 1 LR=Nd or Pr. It 
can be seen from Fig. 2 that B r l4 itM n) drops sharply when 
x exceeds 0.3. The author believes this indicates that the 
crystalline anisotropy constant K x is no longer greater than 
its shape anisotropy K s when x>0.3 for this particular mag¬ 
net composition. 
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Sputter synthesis of TbCu 7 type Sm(CoFeCuZr) films with controlled easy 
axis orientation 

H. Hegde, P. Samarasekara, R. Rani, A, Navarathna, K. Tracy, and F. J. Cadieu 

Department of Physics, Queens College of CUNY, Flushing, New York 11367 

Single phase TbCu 7 type films of Sm(CoFeCuZr) have been sputter synthesized for a range of 
sputter gas pressure, deposition temperature, and two different gas species: Ar and Ar50%Xe. The 
magnetic and crystallographic properties of these films as a function of sputter deposition 
parameters have been studied. Films synthesized at temperatures near their crystallization 
temperatures at sputter gas pressures exceeding 60 mTorr of Ar50%Xe, had a strong c-axis in-plane 
texture. The remanent magnetization ratio for measurement perpendicular to the film plane versus 
in plane was close to zero for such films. X-ray diffraction patterns of these films showed only (hkO) 
type reflections. At gas pressures around 30 mTorr predominant reflection was (111) type. The 
perpendicular to the in-plane B R ratio for such films was around 0.55. For films with in-plane c-axis 
texture, in-plane fl r of 9.0 kGauss and coercivities in the range 3-10 kOe were possible. Pressures 
of Ar and Ar50%Xe correlated roughly in the ratio 1:2 for the synthesis of films, with comparable 
crystallographic and magnetic properties. 


I. INTRODUCTION 

Permanent magnets based on the Sm 2 (CoFeCuZr) 17 
rhombohedral 2-17 type structure are extremely attractive 
because of their high temperature stability, fairly high satu¬ 
ration moment, and energy product. 1,2 Such magnets consist 
of a cellular structure of 2-17 regions with SmCo 5 based 
grain boundaries to enhance the coercivity. 3 The magnetic 
properties of such two phase cellular structures are very sen¬ 
sitive to thermal treatments. In contrast to this, TbCu 7 type 
single phase film magnets that exhibit a high degree of in¬ 
plane c-axis texture and energy product have been sputter 
synthesized in recent years. 4 The TbCu 7 type films are single 
phase, whereas bulk samples of similar composition exhibit 
the cellular structure. The magnetic properties of the single 
phase sputtered film samples exhibit optimal magnetic prop¬ 
erties as deposited and are very insensitive to subsequent 
thermal treatments. Such films are extremely important in 
applications involving magnetic biasing of magnetoresistive, 
magneto-optic, microwave devices, etc. 5 " 7 We have now 
studied the texture change and resultant change in magnetic 
properties of these permanent magnet TbCu 7 type films, as a 
function of their sputter deposition parameters. 

II. EXPERIMENT 

The films in the study were sputter synthesized from 
commercially available 2-17 bulk magnets of the type 
Sm 2 (CoFeCuZr) 17 . The films were deposited on polycrystal¬ 
line A1 2 0 3 substrates. The film thickness were generally in 
the 2 ji range. The deposition temperatures for all films in 
this study exceeded the minimum temperature required for 
their crystallization, so that they were directly crystallized as 
deposited, with no post deposition heat treatments required. 
Two varieties of sputter gases were used, 100% Ar, and equal 
mixtures of Ar and Xe referred to henceforth as Ar50%Xe. 
For all films in this study, the target to substrate distance was 
held constant at 5 cm. The crystal phase and film texture 
were determined with C\iK a radiation by x-ray diffracto¬ 
meter measurements using a Si(Li) solid state detector to 


allow fluorescence discrimination. Magnetic measurements 
were performed using a VSM for fields up to 18 kOe. Film 
compositions were determined by electron excited x-ray 
fluorescence using a PGT System 4 Plus unit coupled to a 
scanning electron microscope. 

III. RESULTS AND DISCUSSION 

The Sm concentrations in the films were dependent on 
sputter gas species, pressure, and deposition temperature due 
to the high volatility of Sm and the preferential scattering of 
the low mass TM atoms out of the sputtered atom beam. 7 
However, the relative concentrations of the TM atoms in the 
films were fairly constant, at 24, 9, 3, and 1 for Co, Fe, Cu, 
and Zr, respectively. These TM relative concentrations were 
about the same as in the target. 

All films in this study exhibited the TbCu 7 type disor¬ 
dered crystalline phase, even though the target magnets were 
a 2-17 cellular based structure. For the deposition tempera¬ 
ture range, 300 °C-475 °C, and Fe concentration used, 'he 
ordered 2-17 phase was not formed. 8 The crystallite c-axis 
orientation was found to depend on the deposition tempera¬ 
ture, as shown in Fig. 1. At lower temperatures, the films 
were strongly c-axis in-plane textured. As the temperature 
was raised, the degree of in-plane texturing was reduced. 
Even with a modest increase in temperature of 55 °C, from 
the initial temperature of 345 °C, crystallites with the c axis 
oriented away from the film plane were observed, as indi¬ 
cated by (hkl) reflections, /#0, in Fig. 1. As the net easy 
axis direction deviates from the film plane, the ratio of the 
remanent magnetic moments, in directions perpendicular to 
the film plane versus in-plane increases. 9 This is clearly seen 
from Fig. 3(a). For Ar50%Xe, at 60 mTorr pressure, this ratio 
is only 0.07 for a deposition temperature of 345 °C, increas¬ 
ing to 0.40 at 450 °C. However, for 100%Ar, ai 60 mTorr 
pressure, the degree of the c-axis in-plane texturing was 
rather poor for all deposition temperatures tried. The texture 
change with pressure is shown in Fig. 2. At deposition tem- 
peratuie of 345 °C for sputter gas Ar50%Xe, the films could 
be formed with the c-axis .r.-plane texture at pressures of 60 
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FIG. 1. The texture change with deposition temperature, for films synthe¬ 
sized in Ar50%Xe at 60 mTorr pressure. X-ray diffraction is using Cu K a 
radiation. 


mTorr and above. For sputter gas 100%Ar, a similar pure 
in-plane texture could only be obtained at pressures exceed¬ 
ing 120 mTorr. In terms of texture control, this suggests that 
60 mTorr of Ar50%Xe is equivalent to about 120 mTorr 
of Ar. 

The film magnetic properties and their Sm at. % are 
shown in Fig. 4 and Fig. 5. The coercivities of the films are 
found to be strongly correlated to the film Sm concentration. 
This is attributable to the increase in the magn^tocrystalline 
anisotropy of the 1-7 phase with Sm concentration. However, 
a fairly significant departure in the correlated behavior of Sm 
at. % and coercivity is observable for films formed at pres- 
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FIG. 3. Variations of ratios of remanent magnetizations perpendicular to the 
film plane to that in plane for films synthesized in 100%Ar and Ar50%Xc. 
(a) Variation with temperature at 60 mTorr pressure, (b) Variation with pres¬ 
sure at temperature 345 C C. 


sures below 45 mTorr, Fig. 5. This is due to defects caused 
by increased energy bombardment of the growing film at 
lower pressures. Previous calculations have shown that to 
completely thermalize the sputtered atoms, the pressures re¬ 
quired are around 60 mTorr of Ar50%Xe.'° The rather sharp 
deviation of coercivity from its correlated behavior with Sm 
at. %, in Fig. 4, below 345 °C, is attributable to incomplete 
crystallization of the film. High resolution SEM studies of 
the films have not revealed any type of cellular structure, as 
observed in bulk 2-17 type magnets. 

No attempt to saturate the film magnetization was made, 
due to the large fields required. However, the 4 ttM s values 
of the films are expected to decrease with increased Sm con¬ 
centration. For films sputtered in Ar50%Xe, the film Sm 
at. % is given in Fig. 4, and Fig. 5, as a function of deposi¬ 
tion temperature at 60 mTorr pressure and as a function of 
gas pressure at a deposition temperature of 345 °C. Figure 4 
and Fig. 5 also show the remanance B r , energy product 
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FIG. 2. The texture change with pressure, for films synthesized in Ar50%Xe 
at 345 °C. X-ray diffraction is using Cu K a radiation. 


FIG. 4. Variation with deposition temperature, of remanent magnetization 
B r (open circle), coercivity ,H C (triangle), energy product BH mm (shaded 
circle), and Sm at. % (square) Magnetic measurements are in the film plane 
Films synthesized in Ar50%Xc, at 60 mTorr. 
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For films sputtered in Ar at pressures around 120 mTorr, 
the general variation of texturing with temperature was simi¬ 
lar to that of films sputtered at 60 mTorr of Ar50%Xe, show¬ 
ing the pressure equivalence of these different gas species, in 
terms of their thermalization efficiency. 

In conclusion, the magnetic properties and texture con¬ 
trol of sputter synthesized TbCu, type permanent magnet 
films have been studied in terms of their sputter deposition 
parameters. The sputtering parameters for the best in-plane 
c-axis texture, the optimum energy products, and coercivity 
have been identified. The pressure equivalence of two types 
of gas species i 1 terms of their thermalization efficacy has 
been established 


FIG. 5. Variation with pressure, of remanent magnetization B R (open circle), 
coercivity ,H C (triangle), energy product BH miX (shaded circle), and Sm 
at. % (square). Magnetic measurements are in the film plane. Films synthe¬ 
sized in Ar50%Xe, at 345 °C. 


BH mM , and coercivity ,H C , for magnetic measurements 
made in the film plane. From Fig. 4, the remanance is seen to 
be fairly constant, with respect to deposition temperature. It 
appears that at higher deposition temperatures, the increase 
in the saturation moment is offset by the lower degree of 
in-plane c-axis texturing. The energy product BH max is seen 
to be fairly constant at a reasonably large value around 18 
MGOe, for the entire temperature range at this pressure. The 
energy product, BH mi% , of the films is sharply dependent on 
the gas pressure, Fig. 5. In fact, the best energy products, m 
excess of 18 MGOe, are obtainable in only a narrow pressure 
range from 45 to 75 mTorr. 
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Metastable Nd 2 (Fe 1 _ x Co x ) 23 B 3 (O^x^l.O) compounds with the 2:23:3-type 
structure 

Bao-gen Shen, Bo Zhang, Fang-wei Wang, Jun-xian Zhang, Bing Liang, Wen-shan Zhan, 

Hui-qun Guo, and Jian-gao Zhao 

State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, 

Beijing 100080, People’s Republic of China 

Amorphous Nd 2 (Fei _,Co ;t ) 23 B 3 (0=£*5£l.0) alloys were prepared by melt spinning at a speed of 47 
m/s. When the amorphous samples were annealed at 900 K for 20 min, they crystallized to the 
metastable 2:23:3 single phase for all x. A detailed study of structure and magnetic properties of 
metastable Nd 2 (Fe 1 _ x Co ;c ) 23 B 3 compounds has been made by x-ray diffraction and magnetization 
measurements. They are body-centered cubic, and the lattice constant decreases linearly from 
a = 14.16 A for x=0 to 13.86 A for x=1.0. The Fe atom moment jx Fe for Nd 2 (Fe 3 _ x Co x ) 23 B 3 was 
found to increase with x from 2.02/% for x =0 to 2.17/% for x =0.8, when the Co atom moment jx Co 
is assumed to be constant, as made in previous papers for crystalline Fe-Co alloys. The Curie 
temperature T c is found to increase monotonically with increasing x from 659 K for x=0 to about 
1218 K for x=1.0. The thermomagnetic measurements showed that when the Nd 2 (Fej _ x Co x )23®3 
compounds were heated to certain temperatures, they decomposed to Nd 2 (Fe,Co) 14 B and a-(Fe,Co) 
phases. The decomposition temperature of metastable compounds was about 990±15 K, and was 
almost independent of the Co concentration x. 


I. INTRODUCTION 

Since the discovery of the Nd-Fe-B permanent magnet 
materials, a number of investigations on rapidly quenched 
Nd-Fe-B ternary alloys systems have been reported. Most 
of these studies focus on their hard magnetic properties, 
while the investigations on crystallization behaviors and 
magnetic properties of amorphous Nd-Fe-B alloys are rela¬ 
tively fewer. Buschow et a/. 1 studied the crystallization of 
amorphous alloys of Fe-rich composiiion in the Nd-Fe-B 
system, and found a novel ternary compound Nd 2 Fe 23 B 3 . 
The compound is metastable magnetic. Its crystal structure is 
body-centered cubic, space group I AM, the lattice constant 
a = 14.19 A . 2 Shen et al? have prepared amorphous alloys in 
a wide composition range of the Nd-Fe-B system, and stud¬ 
ied the phase diagram of crystallization and magnetic prop¬ 
erties of the metastable phase. A study of crystalline phases 
of amorphous Nd 2 Fe 23 B 3 and the formation and magnetic 
properties of metastable Nd 2 Fe 23 B 3 compound has been 
made using x-ray diffraction and magnetization 
measurements. 4 Gou et al. 5 have reported the powder neu¬ 
tron diffrae 'on study of magnetic structure of metastable 
Nd 2 Fc 23 B 3 o npound. In order to obtain more information 
about the structure and magnetic properties of metastable 
compound, we have studied the effect of the substitution of 
Co for Fe on the crystal structure and magnetic properties of 
Nd 2 Fe 23 B 3 compound. In this paper, some results of the in¬ 
vestigation are reported. 

II. EXPERIMENTAL 

Iron (purity, 99.9%), cobalt (purity, 99.9%), neodymium 
(purity, 99.9%) and Fe-B alloy (purity, 98.6%) were melted 
by arc melting in an argon atmosphere of high purity into 
homogeneous buttons with the compositions 
Nd 2 (Fe,_ x Co x ) 23 B 3 (x=0,0.2, 0.4, 0.6, 0.8, and 1.0). Amor¬ 
phous ribbons about 1 mm wide and 20 /im thick were pre¬ 


pared by melt spinning in an argon atmosphere in a polished 
Cu drum of 20 cm diam with a speed of about 47 m/s and 
were then annealed in a steel tube in a vacuum of 10~ 5 Torr 
at different temperatures and times. 

X-ray diffraction measurements were performed on the 
annealed ribbons using Co K a radiation to identify the phase 
components and determine the crystallographic structure. 
The Curie temperature T c of the compounds were deter¬ 
mined from the temperature dependence of magnetization. 
High-field magnetization measurements at 1.5 K were made 
on these samples using an extracting sample magnetometer 
in fields ranging from 0 to 65 kOe. 


III. RESULTS AND DISCUSSION 

The Nd 2 (Fe! _ x Co x ) 23 B 3 alloys prepared at a speed of 47 
m/s were amorphous, and its x-ray diffraction pattern exhib¬ 
ited a diffuse broad maximum. The amorphous ribbons an¬ 
nealed at different temperatures of higher than their crystal¬ 
lization temperature produced different crystalline phases. 
For the annealing temperature of about 900 K, the amor¬ 
phous samples crystallized to the metastable Nd 2 (Fe,Co) 23 B 3 
phase. When the annealing temperature was higher than 925 
K, the a-(Fe,Co) phase appeared, coexisting with the 
Nd 2 (Fe,Co) 23 B 3 phase. 

Figure 1 shows an example of the y-ray diffraction pat¬ 
terns of Nd 2 (Fe 1 _ x Co x ) 23 B 3 (x=0.2 and 1.0) after annealing 
at 900 K for 20 min. It is found that with increasing Co 
concentration, the diffraction line was shifted to higher 
angles, indicating that the lattice constants decrease with x. 
The present study shows that the substitution of Co for Fe in 
the Nd 2 Fe 23 B 3 compound does not change its crystal struc¬ 
ture. The complete substitution obtains a new single-phase 
compound of Nd 2 Co 23 B 3 . The crystal structure of the 
Nd 2 (Fe,Co) 23 B 3 compound is body-centered cubic, space 
group 143d. The lattice constant calculated from the x-ray 
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FIG. 2. Temperature dependence of the saturation magnetization cr s of 
Nd 2 (Fe 1 _ x Co Jt )23B 3 compounds with *=0.2, 0.6, and 1.0. 


FIG. 1. X-ray diffraction patterns of metastable Nd^Fe^Co^Bj com¬ 
pounds with *=0.2 and 1.0. 

diffraction patterns are found to decrease linearly from 
a = 14.16 A for x=0 to 13.86 A for jc=1 .0, as shown in 
Table I. 

X-ray diffraction and thermomagnetic measurements 
showed that the Nd^Fe^o)^!^ compounds obtained by the 
crystallization from corresponding amorphous alloys were 
metastable. When the compounds were heated to certain 
temperature T 0 , as shown in Fig. 2, they decomposed to 
Nd 2 (Fe,Co) 14 B and a-(Fe,Co) phases. The decomposition 
temperature of the metastable compounds was about 990± 15 
K, and was almost independent of the Co concentration x. 

Figure 3 shows the magnetization <r of metastable 
Nd 2 (Fe 1 _ x .Co_ c ) 2 3 B 3 compounds at 1.5 K as a function of the 
external field H. The spontaneous magnetization Oj(1.5) at 
1.5 K were obtained by a liner extrapolation of magnetiza¬ 
tion curves to //=0. The <r s (1.5) shows a monotonic de¬ 
crease with increasing Co concentration from 184 emu/g to 
113 emu/g as x increases from 0 to 1.0, as shown in Table 1. 
A similar result was observed in other Fe-Co-based alloys. 6 

The magnetic moment per unit formula n s of 
Nd 2 (Fe 1 _ i Co i ) 23 B 3 compounds is shown in Fig, 4(a) as a 
function of Co concentration x. The fi s is found to decrease 
from 52.9 fi B for x=0 to 33.9/t fl for *=1.0. If the magnetic 
moment of the Nd atom /t Nd is suggested to be 3.21 fi B , 


TABLE I. The lattice constant a, saturation magnetization cr s at 1.5 K and 
the Curie temperature T c of Nd 2 (Fc 1 _ x Co x ) 21 Bj compounds. 


X 

0 (A) 

<7, (emu/g) 

T C (K) 

0.0 

14.16 

184 

659 

0.2 

14.11 

177 

831 

0.4 

14.06 

162 

-978 

0.6 

13.99 

146 

-1097 

0.8 

13.90 

129 

-1156 

1.0 

13.86 

113 

-1218 


which is the moment of a free Nd 3+ ion, the average mag¬ 
netic mome r * Afc+Co P er Fe+Co atom can be obtained, ac¬ 
cording to /j. s =23/x ?t ^ Co +2jx M . The composition depen¬ 
dence of the average moment Afc+Co ma y be written as 
AFe+co = AFe( 1- *) + Ac<r*» where ju. Fc and /t Co are the effec¬ 
tive magnetic moments per the Fe atom and the Co atom, 
respectively. A study of Collins et al. 1 on the crystalline 
Fe-Co alloys using polarized neutron diffraction demon¬ 
strated that the average moment per Fe atom increases 
with increasing Co concentration, and the average moment 
A Co P er Co atom remains an essential value. Similar results 
were found in other Fe-Co-based alloys. 8 If jx Co of 
Nd 2 (Fe 1 _^Co ;[ ) 2 3i33 is assumed to keep the constant value of 
1.20 n B (the value of /m Co in Nd 2 Co 23 B 3 compound), the jx fe 
is found to rise with increasing Co concentration from 
2.02 fi B for x=0 to 2.11 fi B for x =0.8. 



FIG. 3. Magnetization curves of Nd 2 (Fe,. jCoJ^Bj compounds. 
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FIG. 4. The magnetic moment per unit formula /x s at 1.5 K (a) and the Curie 
temperature T c (b) of Nd 2 (Fei_ I Co I )2jB 3 compounds as a function of Co 
concentration x. 


The temperature dependence of the saturation magneti¬ 
zation cr s of Nd 2 (Fe 1 _^Co^.) 23 B 3 compounds with *=0.2, 
0.6, and 1.0 is shown in Fig. 2. For *3=4, the Curie tempera¬ 
ture T c of the metastable compounds was higher than the 
decomposition temperature. The T c of the samples was ob¬ 
tained by linear extrapolation of the squared magnetization 
crj 2 versus temperature curves to <r t 2 =0. Figure 4(b) and 
Table I show the Curie temperature of NdjlFe^Co^E^ 
compounds as a function of Co concentration. The T c was 


found to increase monotonically from 659 K for *=0 to 
about 1218 K for *=1.0. The variation of T c with * was 
different from that of the crystalline Fe-Co alloys and some 
amorphous Fe-Co-based alloys, 6,8 in which T c showed a 
maximum value. According to the average molecular-field 
model, the Curie temperature is directly proportional to the 
exchange interactions between magnetic atoms and the 
number of nearest-neighbor magnetic atoms. For 
Nd 2 (Fe 1 _ x Co x ) 2 3 B 3 , the T c depends mainly on Fe-Fe ex¬ 
change interactions for the Fe-rich region or Co-Co ex¬ 
change interactions for the Co-rich region. The strong in¬ 
crease of T c with * for Nd 2 (Fej _^Co x ) 23 B 3 compounds 
indicated that the contribution of the exchange interactions 
between the Co-Co atom on T c was much larger than that 
between Fe-Fe atoms. 
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Magnetic properties of (Nd 0 gR 01 ) 5 Fe 17 with R=Sm, Gd, and Y 

Cong-Xiao Liu, Yun-Xi Sun, Zun-Xiao Liu, and Chin Lin 

Department of Physics, Peking University, Beijing, People’s Republic of China 

Magnetic properties of (Nd 0 9 Ro 1 ) 5 Fe 17 have been investigated. Samples were prepaid by arc 
melting and annealed at 600 °C for 48 days. X-ray diffraction and thermomagnetic analyses showed 
that the samples are almost single phase with the Nd s Fe 17 structure when R=Sm, Gd, and Y, but this 
structure cannot be formed when R=Pr. The effects of R substitution on saturation magnetization, 
Curie temperature, and lattice parameters are reported. X-ray diffraction analyses of aligned 
powders suggests that these samples have basal plane anisotropy. The magnetization does not fully 
saturate along the field in a field up to 70 kOe although the magnetization curves show the 
characteristic behavior of a soft ferromagnetic material. 


I. INTRODUCTION 

Recently, a revised Nd-Fe phase diagram, including the 
new stable phase Nd 5 Fe 17 , was reported. 1 The crystal struc¬ 
ture of Nd 5 Fe 17 belongs to the hexagonal space group 
Pfi^mcm, with 12 formula units per cell. 2-4 Magnetic 
measurements 5,6 showed that Nd 5 Fe 17 is a ferromagnet with 
T c =503 K and saturation magnetization 162 emu/g at 4.2 K. 
Mossbauer spectra 5 were fitted with five Fe sites, yielding an 
average B cff = 30.7 T at 10 K, from which an average Fe 
moment of 2.12 pe B is deduced. X-ray diffraction analyses of 
magnetically aligned powders suggest basal plane anisot¬ 
ropy. This compound is not considered to be a promising 
permanent magnetic material. 6 On the other hand, a high 
coercivity Sm-Fe-Ti phase was produced by sputtering, 7,8 
mechanical alloying, 9 and melt spinning. 10 This Sm-Fe-Ti 
phase was identified as having the Nd 5 Fe, 7 structure by x-ray 
indexing. 4 The substitution of V and Ti for approximately 
10% of Fe yields a systematic expansion of the unit-cell 
volume. 11 Binary Sm 5 Fe 17 was also synthesized. 11 Because 
the Stevens factor a 7 is of a different sign for Sm and for Nd, 
Sm 5 Fe 17 has uniaxial anisotropy. Magnetically hard Sm 5 (Fe, 
Co, Ti) 17 phases have been symh- by a conventional 
powder metallurgical method. 12 Sm 5 (Fe u 94 Ti 0 06 ) r showed a 
room-temperature coercivity } H C = 21.5 kOe. In this work, 



we substitute 10% of Nd in Nd 5 Fe 17 by other rare earth ele¬ 
ments and investigate their structural and magnetic proper¬ 
ties. 

II. EXPERIMENT 

Samples were prepared by arc melting (NdogRo,) and Fe 
in the proportion of 1 to 3 under a purified argon atmosphere, 
with R=Nd, Pr, Sm, Gd, and Y. The samples were annealed 
in vacuum at 600 °C for 48 days. Structural analyses were 
carried out on powdered samples with a Rigaku D/MAX-RB 
diffractometer using Cu K a radiation. X-ray diffraction and 
thermomagnetic analyses showed that the samples are almost 
single phase with the Nd 5 Fe ]7 structure when R=Nd, Sm, 
Gd, and Y. Small amounts of metallic rare earth elements and 
R 2 Fe 17 were found in some samples. The Nd 5 Fe 17 structure 
could not formed when 10% of the Nd was substituted by Pr. 

Magnetic measurements were performed with an extrac¬ 
tion magnetometer, in a field up to 70 kOe on bulk polycrys¬ 
talline samples. Powdered samples were aligned in a field of 
10 kOe at room temperature and fixed in epoxy resin. The 
easy magnetization direction was determined by x-ray dif¬ 
fraction analyses of aligned powders. Thermomagnetic 



FIG. 1. Thermomagnetic curves of (Nd 0 , ( R 01 ) 5 Fe 17 with R=Nd, Sm, Gd, 
and Y. 


FIG. 2 X-ray diffraction patterns of (Ndy 9 Sm 0 ^Fe^ (a) Magnetically 
aligned, (b) random powder. 
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TABLE I. La'tice parameters, Curie temperature and saturation magnetiza¬ 
tion at 1.5 K. 



a (A) 

c(A) 

T C (K) 

AL(A B //“) 

Nd 5 Fe 17 

20.207 

12.341 

507 

48.2 

(Nd 09 Sm 0 j^Fep 

20.204 

12.354 

508 

48.9 

(Nd 09 Gd 0 i)5Fe J7 

20.226 

12 348 

526 

43.7 

(Ndo 9 Y 0 jJsFej? 

20.207 

12 354 

499 

47.5 


curves at temperatures higher than room temperature were 
measured by a vibrating sample magnetometer operating at a 
low field. The Curie temperature was determined by plotting 
M 2 vs T near T c and extrapolating the linear part to M— 0. It 
may be slightly higher than that determined by the “kink- 
point” method. 2 

III. RESULTS AND DISCUSSION 

Thermomagnetic curves of (Nd 09 Ro 1 ) 5 Fe 17 with R~Nd, 
Sm, Gd, and Y are shown in Fig. 1. Gd substitution increases 
T c slightly and Y substitution decreases T c . A small amount 
of R 2 FC] 7 is observed in the Y-substituted sample. X-ray dif¬ 
fraction patterns of magnetically aligned and random powder 
(Nd 09 Sm 01 ) 5 Fe 17 are shown in Figs. 2(a) and 2(b), respec¬ 
tively. The intensity of the (314) reflection, which is the 
strongest in random powders, is reduced in aligned powders. 
The intensities of ( hkl ) with /=0 are enhanced. The (004) 
and (006) reflections are still weak. This suggests that the 
sample has basal plane anisotropy. Similar results were ob¬ 
tained for Gd and Y substituted samples. Lattice parameters 
and Curie temperatures of these samples are listed in Table I. 

The initial composition of these samples is off- 
stoichiometric. However, considering that there is negligible 
loss in weight in the arc melting, the materials should have 
rare earth metals, as in the starting composition. Nd, Sm, and 
Gd are antiferromagnetic ordering at 1.5 K. Their contribu¬ 
tions to magnetization are negligible in our experiments, so 
that the magnetizations of (Nd 09 R 01 ) 5 Fe 17 are deduced from 
the measured values. The magnetization curve and the mag¬ 
netic hysteresis loop in the second quadrant for Nd 5 Fe !7 at 



FIG. 3. Magnetization curve at 1.5 K for Nd 5 Fei 7 The inset is the magnetic 
hysteresis loop in the second quadrant. 



FIG. 4. Magnetization curves at 1.5 K for (Nd 09 R 01 )sFe 17 , with R=Sm, Y, 
and Gd. 


1.5 K are shown in Fig. 3. Magnetization curves at 1.5 K for 
(Nd 0 9 R 01 ) 5 Fe 17 with R=Sm, Y, and Gd are shown in Fig. 4. 
The samples do not fully saturate along the field in a field up 
to 70 kOe, due to the large in-plane magnetocrystalline an¬ 
isotropy. The saturation magnetization M s was deduced by 
fitting the data to a law of the type 

M=M s (l-a/H-b/H 2 ). 

The results are also listed in Table 1. Y has no magnetic 
moment. The magnetic moment of Gd is 7/z B . If we take the 
average Fe moment to be 2.\lfi B , 5 and Nd moment 2.44 /jl b , 
the effects of Y and Gd substitution are in agreement with the 
calculated values of M s . 

Our results show that although only 10% of the Nd is 
substituted, the effects are evident. The substitution of Pr 
destroys the Nd 5 Fe 17 structure. Y lowers the stability of the 
structure, the R 2 Fe 17 phase appears. Gd has the latest de 
Gennes factor. It enhances T c but decreases magnetization, 
due to the antiferromagnetic coupling between Gd and Fe. 
The formation of quasibinary (Nd,Sm) 5 Fe r reveals a possi¬ 
bility that a uniaxial anisotropy could be obtained by increas¬ 
ing the substitution of Sm for Nd. Further investigations are 
in progress. 
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New permanent magnetic MnBiDy alloy films 

Fang Ruiyi, Fang Qingqing, Zhang Sheng, Peng Chubing, and Dai Daosheng 
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We have studied the magnetic properties of MnBiDy films fabricated by the thermal coevaporation 
method and annealed subsequently in a vacuum oven at temperatures of 350 °C-425 °C. The 
thicknesses of these films are in the range from 60 to 1200 nm. X-ray diffraction analyses have 
confirmed that those samples have an hep structure. Magnetic measurements revealed that the 
saturation magnetization cr s =46-78 emu/g, remanence ratio R =0.67-0.98, coercive force 
pHc=2.2-73 kOe, and magnetic energy product (BH)m =3.3-14.3 MGOe. These values are 
sensitive to the film thicknesses. It was found that pHc reaches a maximum at r/'=400 nm. 


I. INTRODUCTION 

Recently, studies on the permanent magnet films are con¬ 
centrated on rare earth-transition metal compounds and al¬ 
loys. The films of SmCo 5 and SmCo-based systems exhibit 
very high in-plane anisotropy, and high magnetic energy 
products about 21 MGOe. 11 In Sm-Co 2:17-type films, the 
energy product can reach 20 MGOe. 2 NdFeB films have a 
high intrinsic coercive force with an energy product about 12 
MGOe, 3 but with a relatively low Curie temperature. The 
SmjFe^-type allow films exhibit a perpendicular anisotropy 
with energy product 20.7 MGOe. 4 Generally, these films are 
deposited at very high substrate temperatures of 500 °C- 
700 °C and are necessary to apply an external magnetic field 
(~2 kOe) during the process of deposition for controlling the 
growth of out-plane texture. 

We have prepared new permanent magnet films of MnBi 
doped with rare earth elements Dy and Sm by using the 
vacuum deposition method. In this paper the magnetic prop¬ 
erties are reported. 

II. SAMPLE PREPARATION AND MEASUREMENT 

MnBi films doped with Dy or Sm were fabricated by 
using thermal evaporation at a vacuum of 1X1(T 6 Torr. First 
a Bi buffer layer of suitable thickness was deposited onto a 
glass substrate cooled by liquid nitrogen; then Mn, Bi, and 
Dy (or Sm), with an atomic ratio of 2:1:0.10 were simulta¬ 
neously deposited onto the buffer layer with a different thick¬ 
ness, ranging from 60 to 1200 nm. Finally, a Si0 2 overlayer 
of about 300 nm was deposited to prevent samples from 



External magnetic field (Tesla) 


FIG 1. Hysteresis loops as a function of film thicknesses <1 = 60 nm (a), 
d = 257 nm (b), 4 = 377 nm (c), r/ = 622 nm (d), d = V’3 nm (e). and 
d= 1200 nm (f) for MnBiDy films. 


oxidation. The as-deposited samples were annealed in a 
vacuum oven (2X10 -6 Torr) at different of temperatures 
350 °C, 375 °C, 400 °C, and 425 °C for 4 h. The composi¬ 
tion of all samples were analyzed by electron probe and an 
Auger profile. These results show that the samples exhibit 
the component ratio of Mn:Bi:Dy of about 1:1:0.10. 5 So we 
refer to these samples as MnBiDy. The crystal structure of 
the prepared films was analyzed by x-ray diffraction. It 
shows that the films have the NiAs structure with their c axes 
perpendicular to the film plane. The magnetic hysteresis 
loops at room temperature were measured with a VSM (LDJ 
9500). 

III. RESULTS AND DISCUSSIONS 

Figure 1 shows the hysteresis loops of MnBiDy films for 
several film thickness (d= 60, 257, 377, 622, 913, and 1200 
nm) at the external magnetic field He=0~2.0 T. The satura¬ 
tion magnetizations of the MnBiDy films for all annexing 
temperatures decreases as cl increases for d<300 nm. T his 
can be explained by the increase in the amount of free Bi and 
Bi 3 Mn 2 phases as the film thickness increases. This is con¬ 
firmed by the x-ray diffraction analysis. The intrinsic coer¬ 
cive force fjJHc as a function of d is shown in Fig. 3. pHc- 
increases with d for d<400 nm. This may be caused by the 
nucleation. Then pHc decreases as d increases for d>400 
rm; this is due to the domain rotation during the demagne¬ 
tizing process. The reasons are given as follows. 



FIG. 2. Thickness dependence of the saturation magnetization of MnBiDy 
films annealed at 350 °C (O), 375 °C (•), 400 °C (T), and 425 °C (V) 
for 4 h. 
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FIG. 3. Thickness dependence of the intrinsic coercive force of MnBiDy 
films annealed at 350 °C (O), 375 °C (•), 400 °C (Y). and 425 °C (V) 
for 4 h. 


The intrinsic coercive force may result from three irre¬ 
versible magnetization processes: (a) nucleation and growth 
of the reverse domain; (b) domain wall pinning; and (c) ir¬ 
reversible domain rotation. In order to identify which process 
the He comes from for MnBiDy films, we also measured the 
magnetic hysteresis loops for those films under various mag¬ 
netic fields, as shown in Fig. 4. Evidently, as d=60 and 143 
nm, the He value increases with the applied field, but the 
magnetization does not vary with the field when the field is 
high. This feature reveals that He results from the nucleation 
and growth. This is also confirmed by the observation of 
nucleation processes using polarized light microscopy pat¬ 
terns. As d =622 and 913 nm, the shape of hysteresis loops is 
completely different from those for d =60 nm, indicating 
that the coercivity does not result from the nucleation and 
growth. Hence, we suggest that it results from the domain 
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FIG. 4 Hysteresis loops of MnBiDy film with different thicknesses (a) 60 
nm, (b) 143 nm, (c) 257 nm, (d) 377 nm, (e) 622 nm, and (f) 913 nm. The 
applied fields are 1, 2, 3, 4, 5, 8,12, and 18 kOe from the inner to exterior. 



FIG. 5. The 4rrAf-Hi and B-Hi hysteresis loops of the MnBiDy film an¬ 
nealed at 375 °C for 4 h. 4=230 nm, /iHc=5 kOe, 13 //c=4.7 kOe, and 
(BH)m 8.3 MGOe. 


rotation. According to the domain rotation model for films 
with uniaxial anisotropy, the value of He is estimated to be 
about 3.7 kOe for the d~ 913 nm sample, which is nearly 
equal to the experimental data (about 4.0 kOe at the mag¬ 
netic field of 2 T). 

According to the measured data of the hysteresis loops, 
we can obtain the magnetization 4 ttM and magnetic induc¬ 
tion B as a function of the intrinsic magnetic field Hi (see 
Fig. 5) by using the relations Hi=He-NM and B=Hi+47rAf, 
when N is the demagnetizing factor (N=4tt for films when 
He is perpendicular to the plane, and the effective anisotropy 
field is neglected). Then, the maximum magnetic energy 
product ( BH)m as a function of film thickness d, which is 
shown in Fig. 6, can be obtained. It decreases quickly as d 
increases for d *2350 nm, and then remains as a constant for 
d>350 nm. This can be understood due to the behaviors 
related to thickness dependence of the yJHc and magnetiza¬ 
tion of these films. 

In conclusion, we have prepared MnBiDy permanent 
magnet films with a large magnetic energy product and also 
studied the saturation magnetization, coercive force and 
( BH)m as a function of film thicknesses for these films. 



FIG 6. Thickness dependence of the (BH)m of MnBiDy films 
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The magnetic flux lattice undergoes a melting transition not only in high-7’,, oxide superconductors, 
but also in conventional superconductors, as recently observed in superconducting niobium films. 
Small-angle neutron scattering was used to investigate the properties of the magnetic flux lattice in 
a large, high-quality single crystal of niobium. The small London penetration depth of niobium 
gives a large magnetic scattering signal, and the use of a high-quality single crystal eliminates other 
unwanted scattering (from twin boundaries, voids, etc.). The signal-to-noise ratio is therefore 
improved by several orders of magnitude over the best available measurements of high-T c oxide 
superconductors. A sixfold hexagonal pattern of peaks is observed in the mixed state 
(H cl <H<H c2 ) at all temperatures. These peaks are resolution limited below the irreversibility 
line; above it, the width in the transverse direction increases with temperature due to the vortex 
dynamics. Close to H c2 , the radial widths of the peaks also broaden. The increase in broadening is 
a direct observation of a transition to a disordered phase. Nevertheless, the basic hexagonal pattern 
of peaks is maintained throughout the mixed state, indicating that a correlated flux fluid exists in the 
reversible regime. Some results on the vortex lattice in superconducting DyBa 2 Cu 3 0 7 are presented 
and some of the possible exotic states resulting from the coexistence of antiferromagnetic order and 
superconductivity are described. 


I. INTRODUCTION 

The melting of the flux lattice in high-temperature oxide 
superconductors is currently a subject of great fundamental 
and practical interest. The early discovery of an irreversibil¬ 
ity line 1 in the cuprate superconductors suggested that the 
basic vortex behavior was quite different from previously 
known superconductors, perhaps due to the much higher 
critical temperature T c . Neutron scattering studies of the 
melting process to probe the exact nature of the melting tran¬ 
sition would be most interesting, especially since techniques 
such as Bitter decoration are restricted to low fields. Unfor¬ 
tunately, the very nature of the high-T, superconductors 
makes observing such a melting transition via neutrons ex¬ 
tremely difficult. The London penetration depth in the 
oxide superconductors is a factor of 4 or 5 larger than for 
niobium (for which \ t «350 A). As a result, the neutron 
scattering intensity from the flux lattice, which goes as X [ 4 , 
is much smaller for the high-T c materials. An additional 
technical difficulty is that presently available large single 
crystals of 123 superconductors have grain boundaries, twin 
boundaries, and various other defects that give rise to scat¬ 
tering in the same small-angle region as the vortex scatter¬ 
ing. This dramatically reduces the signal-to-noise ratio for 
the vortex scattering, and makes the vortex scattering pattern 
much more difficult to study. 


"Also at the Center for Superconductivity Research, Department of Physics, 
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Irreversibility lines have also been recently observed in 
niobium, which is an ideal candidate for neutron studies of 
the vortex lattice, with the combined benefits of large signal 
and low background due to the availability of large, high- 
quality single crystals. Pure, defrct-frce niobium has a 
Ginzburg-Landau parameter k ot U.77, just slightly greater 
than the minimum value (1 /VI) for type II behavior. In addi¬ 
tion, niobium is a material for which k can be dramatically 
increased by the influence of defects such as grain bound¬ 
aries or by the introduction of impurities. Neutron diffraction 
experiments on the flux line lattice in niobium have been 
performed over the last thirty years, beginning with a study 
by Cribier era/. 2 that explicitly demonstrated the existence 
of a triangular vortex lattice, and continuing with much more 
detailed work by groups at Jiilich 3 and Oak Ridge. 4 The sub¬ 
sequent work focused on the interaction of the flux lattice 
with the crystalline lattice, concentrated mainly on the region 
of the phase diagram well below the upper critical field 
H c2 (T). The work 5 that we review here extends the measure¬ 
ments to the H c2 (T) line. 

In the first part of this article we describe the basics of 
the neutron scattering experiments and the features of the 
vortex lattice over the (H,T) plane in niobium. We continue 
with a description of our detailed measurements of the melt¬ 
ing of the vortex lattice in niobium and conclude with a 
description of some recent work on rare-earth 123 supercon¬ 
ductors. 
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II. EXPERIMENT 
A. Neutron scattering 

The bulk of the experimental results described here were 
obtained on the 30 m small-angle neutron scattering (SANS) 
spectrometers of the Cold Neutron Research Facility at the 
National Institute of Standards and Technology. Both spec¬ 
trometers operate in the same way: A beam of neutrons mod¬ 
erated by a cold source is incident on a neutron velocity 
selector, which produces a triangular wavelength distribution 
of neutrons with A\/\«15%. The neutrons pass down a long 
(S15 m) variable-length flight path with a pinhole collimator 
at each end, which fixes the incident neutron momentum k,. 
After the sample there is another variable-length flight path 
to a multidetector, which allows the simultaneous collection 
of data over some range of momentum transfer Q=k,—ky. 

Our sample is a 95 g single crystal of niobium, 9 cm in 
length, with a diameter of 1.25 cm. The cylinder axis is the 
[110] crystallographic axis, which was oriented perpendicu¬ 
lar to the applied field. The neutron beam illuminated a sec¬ 
tion of approximately 1 cm diameter near the midpoint of the 
cylinder. Initial measurements were performed in a flow cry¬ 
ostat with an A1 vacuum shroud and 77 K heat shield that 
was mounted in a>- electromagnet with holes for the neutron 
beam drilled through the pole pieces. Later measurements 
were performed in a horizontal superconducting magnet cry¬ 
ostat specially designed for SANS measurements, with 
single-crystal sapphire windows along the beam path to re¬ 
duce unwanted cryostat scattering. 

At low temperatures a crystalline vortex lattice is 
formed, and the scattering pattern of neutrons from the flux 
lattice directly reveals the reciprocal lattice. Our experimen¬ 
tal configuration involved applying the magnetic field nearly 
along the incoming neutron direction k, . In this case, the 
possible momentum transfers for all six 10 reflections are 
approximately parallel to the plane of the detector, so a pat¬ 
tern such as Fig. 1 will appear on the detector. The simulta¬ 
neous appearance of all six spots in this case results from 
some domain structure in the formation of the lattice. If the 
lattice is formed carefully, it is possible to observe a single 
diffraction spot as in Fig. 1 (bottom). 

This pattern [Fig. l(top)] was collected in two minutes. 
In comparison, a similarly sized single crystal of YBa 2 Cu 3 0 7 
(Ref. 6) requires the subtraction of a zero-field cooled back¬ 
ground scan from the applied field scan, each of which takes 
several hours counting time. The excellent quality of the Nb 
single crystal—with an almost complete lack of sample- 
dependent small-angle scattering, incoherent scattering, and 
absorption—not only allowed the rapid collection of data in 
the low-temperature regime, but in fact permitted the analy¬ 
sis of the behavior near the H c2 phase boundary, where the 
signal is drastically reduced. 

The reciprocal lattice of a triangular lattice with lattice 
constant a is a self-similar triangular lattice with lattice con¬ 
stant a* = 4vlV3a. Since the flux quantum 
0O=2.O68X1O' 15 Tm 2 and the area per flux quantum is 
Via 2 12, we can relate the internal magnetic field B to the 
lattice parameter by 4> 0 =VlBa 2 l2. The position in reciprocal 



(b) 

FIG. 1. (Top) Sixfold scattering pattern as observed on the two-dimensional 
multidetcctor from single crystal niobium at T =4.5 K and =0.12 T. The 
gray-scale image is logarithmically scaled. (Bottom) Pattern of a single dif¬ 
fraction spot obtained at 6.85 K and T. Here the gray scale is 

linear. 


space of the 10 reflection, which occurs at a momentum 
transfer Q l0 =a*, is 

0 1O =2W2BW O . (1) 

In the H||k, configuration, there are a number of ways to 
view the data. One way is a “radial scan,” which is per¬ 
formed by summing the scattering at a particular Q around a 
portion, or all, of the detector [see Fig. 2(a)]. These scans (or 
sums, in this case) determine the translational correlations 
between the flux lines in the lattice. Another possibility is a 
“transverse scan,” a sum of the scattering over a small range 
of Q as a function of angle <f> around the detector [see Fig. 
2(b)], which gives the angular correlations between the flux 
lines. Finally, we can perform rocking scans [see Fig. 2(c)], 
where the intensity in a particular region of the detector is 
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FIG. 2. Various summations of the Fig. l(top) pattern: (a) Radial and (b) 
transverse scans at 7 =2.5 K and 0.15 T. (c) Rocking curve of Nb as 
collected on the SANS spectrometer total intensity m the peak as a function 
of magnet angle, (d) Radial scan of 10 peak with improved resolution per¬ 
formed on the BT-7 refiectoineter. 


recorded as a function of magnet rotation angle w. In this 
configuration, the rocking scans primarily determine the 
straightness of the flux lines. 

B. The flux line lattice in Nb 

In the Meissner state, the magnetic field in the sample 
must vanish, i.e., B=0. The agnetization M of the sample 
then depends directly on the applied magnetic field H app to 
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produce the required cancellation. The boundary conditions 
on the field imply a demagnetizing field, due to the sample 
magnetization, that opposes the applied field, and so 

H= H app - 77 M, (2) 

where 77 is the demagnetization factor. In the case of an 
infinite right cylinder with a field applied perpendicularly to 
the cylinder axis 77 = 1/2, the H inside the sample is actually 
2H app in the Meissner state. For the internal field to reach the 
lower critical field H ci , a field H app : =\H cl needs to be ap¬ 
plied. 

For H zpp ^\H cl , flux will penetrate the sample. The 
competition between the short-range repulsion and long- 
range attraction of the fluxoids initially causes the formation 
of domains of flux lines with a density B 0 determined by the 
strength of the long-range attraction. In this intermediate 
mixed state (IMS), the sample magnetization is 
M=/B 0 //r 0 -H, where / is the fraction of the sample in the 
vortex state. As the applied field is H app =H+ 77 M, in the 
IMS the relation between the applied field and the internal 
fields is 

H app =(l-77)H+/7 7 (B 0 / At0 ). (3) 

In our experimental configuration, / increases linearly from 
0 at #a PP = \H cl to 1 at tf app = \H cX + \B 0 I^H 2 . With fur¬ 
ther increase of // app above H 2 , the flux lattice density in¬ 
creases throughout the sample. Just below H c2 the flux lat¬ 
tice achieves its highest density, and ultimately, at 
H m =H c2 , the sample magnetization goes to zero and the 
sample is no longer superconducting. 

We thus expect to observe the following behavior as a 
function of field in a SANS measurement: For H zpp <\H cX 
the sample is in the Meissner state and there is no scattering. 
Just above \H ci flux penetrates the sample and is confined to 
regions with constant flux density j 3 0 ; elsewhere in the 
sample, the flux density is zero. At this point, a scattering 
pattern can be observed, with a lattice spacing corresponding 
to the flux density B Q , 

12 <t> 0 

< 4 > 

This lattice spacing remains constant while the scattering 
intensity increases linearly with field, until // app =// ; , where 
the flux lattice fills the entire sample. Above H 2 , the flux 
density increases, but the scattering intensity decreases as the 
fluxoids overlap each other and the contrast is consequently 
reduced. The sample magnetization is M=B//u 0 -H, so the 
flux density is then B=/^[H zpp -(\-i])H]/r}. Exactly this 
behavior has been observed for niobium by Christen et al. 4 

We can also make the SANS measurements as a function 
of temperature in a constant applied field. Since 
H- -M +B/iio, then 

B = MH m +W) (5) 

for our experimental configuration. As the magnetization is 
negative and approaches zero near the superconducting 
phase boundary, the flux density increases as the phase 
boundary is approached, and so the diffraction peaks move 
out from their low-temperature position. Since the magneti- 
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FIG. 3. (a) Intensity of the 10 peak as a function of temperature and (b) 
linearized plot of /(/) vs r 1 , showing the extrapolation to obtain T C (H). 

zation goes to zero at ll c2 , the demagnetization factor does 
not affect the determination of the upper critical field, and 
the magnetic scattering will disappear at H app =H c2 . 

III. MELTING OF THE FLUX LATTICE IN NIOBIUM 

The obser\„.ion of irreversibility lines and the implica¬ 
tion of melting phenomena occurring in the flux lattice of the 
high-T c superconductors prompted a reexamination of “con¬ 
ventional” superconductors to see if similar phenomena were 
possible in these systems. Drulis et al? observed irreversibil¬ 
ity effects from flux depinning in vibrating reed measure¬ 
ments on cold-rolled niobium foils. Later work by Schmidt 
et al* demonstrated the existence of a magnetic irreversibil¬ 
ity line in sputtered Nb films that followed the expectations 
for a melting line. 

One would naively expect that the melting of the flux 
line lattice might be manifested by a sudden transition from 
the low-temperature hexagonal pattern of Fig. 1 to an isotro¬ 
pic ring of scattering on the detector, indicative of an isotro¬ 
pic liquid state. We therefore performed field cooling mea¬ 
surements, starting well above the superconducting transition 
at constant H 3pp , and then slowly (<0.1 K/5 min and even 
slower near the H c2 line) lowered the temperature, collecting 
scattering patterns at various temperatures. Care was taken to 
avoid overshooting the new temperature set point on chang¬ 
ing the temperature. From our discussion above, we expect 
the intensity to appear just below T C (H), as the magnetic 
contrast appears, and this is in fact what happens [see Fig. 
3(a)]. We note that since k is small for our niobium sample, 
the two-fluid model does not exactly apply; however, we 
have used the T 4 behavior of the London model to guide us 
in linearizing the temperature dependence of the scattering 


intensity, and so allow the extrapolation of the intensity to 
zero and the determination of T C (H) [Fig. 3(b)]. From our 
temperature scans we were able to determine the H c2 phase 
boundary. In addition, we immediately noticed that (i) the 
temperature dependence of the scattering was smooth, with 
no discontinuities; (ii) the scattering intensity was not lost 
until just below the extrapolated H c2 line; and (iii) we al¬ 
ways had a sixfold pattern—no ring of scattering ever ap¬ 
peared. Not only did the scattering from the vortices main¬ 
tain its hexagonal symmetry at all fields and temperatures in 
the mixed state, but it was locked by the crystalline anisot¬ 
ropy, since we consistently observed the same orientation for 
the sixfold diffraction pattern over many different experi¬ 
mental configurations. 

If, however, we examined the widths of the peaks in the 
radial and transverse directions as a function of temperature, 
we found (see Fig. 4) that at some temperature T t {H) well 
below T C (H), an intrinsic width developed in the transverse 
direction. This width determines the degree of orientational 
correlations. The radial width remained resolution limited 
until some higher temperature T r (H), whereupon it also de¬ 
veloped an intrinsic width. We also measured the scattering 
pattern from the vortex lattice on the NIST BT-7 reflectome- 
ter. The spectrometer resolution here is a factor of 3 better 
for radial scans than the corresponding SANS resolution [see 
Fig. 2(d)]. We observed the radial width increase above the 
resolution limit with the reflectometer at the same tempera¬ 
ture as we had observed on the SANS, and this therefore 
lends confidence the intrinsic radial widths develop at higher 
temperatures than the intrinsic transverse widths. 

To further clarify the nature of these two transitions, we 
performed isothermal field sweeps and found that the peak 
intensities and widths were reversible above the T, line and 
hysteretic below. The restoration of the reversible behavior 
above T, leads us to believe that we have observed the onset 
of a correlated flux fluid state above T ,. This state may not 
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FIG. 5. Phase diagram H vs T for Nb as determined by neutron scattering. 
The //<., and H c2 boundaries are indicated, as are the points where the radial 
and transverse widths broaden. 

be a hexatic phase, since in hexatic systems both the trans¬ 
verse and radial widths appear to be coupled and therefore 
the intrinsic widths would be expected to develop together. 9 

Figure 5 displays the experimentally determined phase 
diagram for our niobium crystal. The lower and upper critical 
fields have been determined via neutrons by the respective 
onset and loss of scattering from the flux lattice . We can 
estimate from the two-fluid model that k = \]H c2 /H ci 
2. This is larger than the value of k^O. 8 obtained for high 
purity and defect-free niobium. 4,10 Our sample and those of 
Drulis etal? and Schmidt et til* are high purity niobium; 
however, the various preparation methods created samples 
with varying defect and grain boundary concentrations, as 
reflected by the value of k. Those samples with larger k have 
a larger H c2 (T): the k= 7 cold-rolled foil 7 higher than our 
sample and the k^IO sputtered film 8 still larger. The phase 
diagram also shows T r (H), and the irreversibility line 
T m (H). The irreversibility line and T,(H), which we identify 
with a melting curve, are well below that reported for the 
cold-rolled foils, 7 which is lower again than the melting 
curve for the sputtered niobium films. 8 This supports the rea¬ 
sonable expectation that T in depends on the pinning strength 
and defect density. 

The broadening is definitely dynamic in origin, and there 
are two possibilities for the behavior which we observe. The 
first possibility is that the onset of broadening in the trans¬ 
verse width indicates a transition to an orientationally disor¬ 
dered phase and that the broadening of the radial width at a 
higher temperature is associated with the loss of translational 
order. In this case, the low-temperature phase is crystalline, 
the transition to an orient-tionally disordered phase occurs at 
T,(H), and a correlated flux fluid exists above T r (H). 

The second possibility is that the transverse broadening 
is “lattice dynamical” in origin, associated with the same 
soft shear mode of the vortex lattice that would be involved 
in melting. This would imply that if much higher instrumen¬ 
tal resolution were available, we would see wings of inelastic 
scattering on the sides of an elastic Bragg peak. The present 
(best available) resolution would convolve the elastic and 
inelastic scattering into a single broadened peak. In this case, 
we would be observing the effect of the inelastic scattering 
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FIG. 6. Radial sum of the difference pattern between field-cooled and zero- 
field cooled Dyl23 at 7=10 K and /IqH =0.5 T. The peak position indicates 
that the lattice is close to triangular. 

on the linewidth at T ,, and the lattice would not melt until 
the intrinsic radial width begins to develop. 

Given the correlation between the onset of irreversibility 
in the isothermal scans and the abrupt onset of an intrinsic 
transverse width in the constant field scans, we believe that 
the first explanation is the correct one. We cannot entirely 
rule out the second; however, in either case we observe a 
correlated flux fluid, due to the non-negligible interactions of 
the crystal with the vortices. It is interesting to note that 
broadening in the radial and transverse widths, similar to 
what we have observed for this two-dimensional system, has 
also been observed in melting transitions in two-dimensional 
colloidal suspensions. 11 

IV. THE FLUX LINE LATTICE IN MAGNETIC W123 
SUPERCONDUCTORS 

The coexistence of antiferromagnetism and supercon¬ 
ductivity poses the question: What is the effect of an under¬ 
lying magnetic order on the vortex lattice? The high-T,. com¬ 
pounds DyBa 2 Cu 3 0 7 and ErBa 2 Cu 3 0 7 are already known to 
have a very well-defined zero-field ordering of the rare-earth 
moments at low temperatures (T N ^1 K) (Ref. 12) without 
significant detriment to the superconductivity. We have ob¬ 
served the flux line lattice in a 250 mg single crystal of 
DyBa 2 Cu 3 0 7 , at 10 K in a 5 T applied field (sec Fig. 6), well 
above any temperature where one would expect any effects 
from the ordering of the rare-earth sublattice. The 10 peak 
appears at £? ]0 =0.0105 A -1 , which is expected for a vortex 
lattice that is close to triangular, as has been observed by 
Keimer et alP in YBa 2 Cu 3 0 7 . 

At lower temperatures there are several possible interest¬ 
ing behaviors. Above the onset of long-range order, the en¬ 
hanced susceptibility of the rare-earth moments would allow 
a variation of the rare-earth moment alignment that would 
decorate the vortices. Since the total magnetic flux must be 
quantized, the addition of the Dy magnetization M Dy will 
then give a new momentum transfer for scattering from the 
vortex lattice 


Q Ml0 =2TT\j2/x 0 (H+M Dy )/V3<f> 0 . (6) 
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The measured saturated Dy moment is approximately 7 fi B , 
which implies that T. In a 0.1 T applied field, we 

would then expect that the vortex density would increase by 
roughly a factor of 3 due to the saturated alignment of the Dy 
moments. 

Below TV, the Dy magnetization will be close to zero at 
modest applied fields, and so we would return to the original 
behavior for the flux lattice. However, another possible be¬ 
havior below T n could be observed by applying a field 
strong enough to put the Dy moments through a metamag- 
netic or spin-flop transition. If the sample has a nonzero de¬ 
magnetization factor, there would then be coexistence of 
“paramagnetic” domains that have a net magnetization, with 
reflections as described by Eq. (6), and “antiferromagnetic” 
domains where there is no net magnetization, as described by 
Eq. (I). 14 Another possibility proposed by Buzdin et al. is 
the existence of two-quanta vortices in metamagnetic super¬ 
conductors, which could occur if the applied field for the 
metamagnetic or spin-flop transition is near H cl . In this re¬ 
gime, because of the spatial variation of the vortex field, the 
metamagnetic transition could be localized to a region near 
the vortex core and substantially affect the structure of the 
vortex. Work is in progress to experimentally explore these 
possibilities. 
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Extensive small angle neutron scattering experiments have been conducted on the vortex system in 
YBa 2 Cu 3 0 7 in a magnetic field range of 0.5 T*£//=£5 T, and with various orientations of the 
magnetic field with respect to the crystallographic axes. For H parallel to the c axis, the vortex 
lattice is oblique with two nearly equal lattice constants and an angle of 73° between primitive 
vectors. One principal axis of the vortex lattice coincides with the (110) direction of the crystal 
lattice. It is shown that this structure cannot be explained in the framework of a purely 
electrodynamic (London) model, and that it is intimately related to the in-plane anisotropy of the 
superconducting coherence length. When the field is inclined with respect to the c axis, the uniaxial 
anisotropy due to the layered crv jial structure of YBa 2 Cu 3 0 7 becomes relevant. The interplay 
between the square in-plane anisotropy and the uniaxial anisotropy leads to both a continous 
structural transition and a reorientation of the vortex lattice as a function of inclination angle. For 
the largest inclination angles, the vortex lattice decomposes into independent chains. 


I. INTRODUCTION 

The vortex system in the cuprate superconductors has 
received a high level of attention mostly because of its novel 
phase behavior inferred from transport experiments at high 
temperatures and high magnetic fields. vSmall angle neutron 
scattering (SANS) is applicable in high magnetic fields and 
capable of measuring the relevant correlation lenghts of the 
vortex lattice. SANS is therefore very promising as a tool to 
further elucidate this behavior. However, since the signal in¬ 
tensity at high temperatures is very small, these experiments 
are difficult. Our approach has therefore been to first develop 
a thorough experimental description of the vortex system at 
low temperatures as a function of field strength and field 
orientation with respect to the crystallographic axes, before 
studying thermal effects in detail. We have found that the 
behavior of the vortex lattice is very rich even at low tem¬ 
peratures. In particular, our experiments indicate a close re¬ 
lation between the structure of the vortex lattice and the. mi¬ 
croscopic electronic structure of YBa 2 Cu 3 0 7 . The following 
is a preliminary summary of these studies. 

II. EXPERIMENTAL DETAILS 

Our sample is a disk-shaped single crystal of YBa 2 Cu 3 0 7 
of volume -2.5 cm 3 and mosaicity ~1.5°. The sample is too 
large to fit into a superconducting quantum interference de¬ 
vice (SQUID) magnetometer, but small pieces cut off from 
samples prepared under identical conditions showed sharp 


superconducting transitions at ~93 K. The microstructure of 
these samples has been extensively characterized by trans¬ 
mission electron microscopy. Prominent microstructural fea¬ 
tures are pm sized Y 2 BaCu0 5 inclusions with a total volume 
fraction ~10%, twin boundaries of average separation —900 
A extending in the (110) or (110) crystallographic directions, 
and stacking faults perpendicular to the (001) direction. The 
latter two features occur on length scales comparable to int¬ 
ervortex distances and therefore give rise to backgrouno 
small angle scattering in the experimentally lelevant range of 
scattering angles. This (temperature independent) back¬ 
ground is comparable to or larger than the magnetic scatter¬ 
ing from the vortex lattice and must be subtracted from the 
raw data. 

All experiments were performed on the NG-3 and NG-7 
SANS spectrometers at the Cold Neutron Research Facility 
of the National Institute of Standards and Technology. We 
mostly used the standard horizontal-field scattering 
geometry 1 with the neutron beam almost parallel to the mag¬ 
netic field. Horizontal magnetic fields of 0.5 T or less were 
generated by an electromagnet, larger fields were achieved in 
a horizontal-field superconducting magnet. For some experi¬ 
ments we also used a vertical-field electromagnet. 

The experimental geometry is illustrated in Fig. 1. The .v 
(horizontal) axir in this figure is the magnetic field direction. 
The scattered ueutrons are collected as a function of the co¬ 
ordinates y and z perpendicular to the field by an area detec¬ 
tor behind the sample. During the experiment the angle be- 
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FIG. 1. Coordinate system illustrating the experimental geometry of our 
experiments. The x axis is the magnetic field direction. The neutron beam is 
almost parallel to the magnetic field (i.e., the scattering angle is small). The 
angle 0 (rotation angle around z relative to the x axis) can be changed 
during the experiment. The orientation of the crystalline axes with respect to 
x,y,z is chosen by orienting the crystal outside the cryostat. Two different 
crystal orientations are shown: (top) (100) parallel to z and (bottom) (110) 
parallel to z. The axes y and z perpendicular to the magnetic field are the 
horizontal and vertical axes in the diffraction patterns below. 

tween the neutron beam and the magnetic field (i.e., the 
scattering angle if) can be varied, and the sample can be 
turned around the vertical z axis without remounting the 
sample. We denote the angle between the crystalline (001) 
direction and the magnetic field by 6. The crystallographic 
direction coinciding with the z axis is selected by orienting 
the sample by x-ray and thermal neutron scattering outside 
the cryostat. We chose three different sample orientations: (i) 
(100) parallel to 2 (Fig. 1, top); (ii) (110) parallel to z. (Fig. 1, 
bottom); and (iii) a low-symmetry crystallographic direction 
parallel to z (not shown). A uniform flux profile within the 
sample is achieved by field cooling the crystal for each crys¬ 
tal orientation. Typical counting times for high quality dif¬ 
fraction patterns are several hours. 

In order to optimize both resolution and signal intensity, 
different spectrometer settings were chosen at each magnetic 
field. We mostly used neutrons of wavelengths 5 or 6 A and 
wavelength spread AAA=0.31, source and sample apertures 
of 5 and 1.27 cm diameter, respectively, and source-to- 
sample distances between 11 and 13 m. A parameter of par¬ 
ticular importance is the angular resolution in the plane of 
the area detector (yz plane in Fig. 1). At a given wavelength 
and source aperture (chosen to optimize the neutron flux on 
the sample), this quantity is primarily controlled by the dis¬ 
tance between the sample and the detector. 2 For larger mag¬ 
netic fields (corresponding to larger scattering angles), 
smaller sample-to-detector distances can be chosen, and the 
angular resolution is improved. On the other hand, because 
of the decreasing form factor the signal-to-background ratio 
becomes worse for larger fields. We found that data of opti¬ 
mal overall quality could be taken for H=2 T. 

III. VORTEX LATTICE SYMMETRY AND ELECTRONIC 
STRUCTURE 

Early SANS experiments on YBa 2 Cu 30 7 for H= 0.8 T 
revealed a diffraction pattern with fourfold symmetry when 



FIG. 2. Grey scale images of SANS diffraction patterns taken for (top) 
H= 0,5 T, 0-10°, obtained by rotating around a low-symmetry crystallo¬ 
graphic direction and (bottom) 7/=2 T, 0=0. 


the magnetic field is aligned with the (001) crystalline 
direction. 3 This pattern was subsequently shown to consist of 
two sixfold symmetric patterns with 90° relative orientation. 4 
However, the angular resolution of these patterns was not 
sufficient to determine the structure of the vortex lattice for 
this field orientation in detail. We have now used the im¬ 
proved angular resolution achievable in higher magnetic 
fields to resolve this issue definitively. The bottom panel of 
Fig. 2 shows that a total of 16 weak and 4 strong Bragg 
reflections can be resolved for fields of 2 T and above. (Note 
that all patterns shown here are for 9 fixed. Since by Bragg’s 
law each reflection corresponds to a different 9, not all of the 
20 spots appear in a single pattern. The remaining spots can 
be moved into the resolution volume by adjusting 9 appro¬ 
priately.) 

The real-space lattice corresponding to this diffraction 
pattern, shown in Fig. 3, can be regarded as intermediate 
between triangular (with an angle of /?=60° between primi¬ 
tive vectors) and square (corresponding to /3=90°). In a high 
resolution measurement at H-2 T we obtained /3=(73±1)°. 
We also found that the lattice constants differ by (5±5)%; 
the unit cell area satisfies the flux quantization rule within 
the experimental accuracy. We can therefore not distinguish 
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FIG. 3. Real-space structures corresponding to the diffraction patterns of 
Fig. 2. The top pattern of that figure is taken under conditions in which only 
two of the domains are populated (1 and 2, or 3 and 4). In the bottom pattern 
all four domains arc populated. 


experimentally between oblique (unequal lattice constants, 
space group p2) or rectangular (equal lattice constants, space 
group c2mm) vortex lattice symmetry. As the figure indi¬ 
cates, four domains with different orientations of the unit cell 
are observed. One of the nearest-neighbor directions of the 
vortex lattice coincides with either the (110) or the (110) 
direction of the crystal lattice. Superposition of the diffrac- 



P 

FIG. 4. Numerically computed Gibbs free energy density of a vortex lattice 
with space group c2mm and angle /3 between primitive vectors (Fig. 3), 
relative to the triangular lattice 03= 60°). The calculations are based on 
Eq, (1) with \= 1500 A and f=16 A. The numerical errors are much smaller 
than the symbol size. 


tion patterns of these four domains results in the experimen¬ 
tally observed pattern of Fig. 2; the four strong reflections 
originate from two domains, the 16 weak reflections from 
one domain. A deconvolution of the patterns for H- 0.5 T 
and H =5 T which takes the appropriate spectrometer reso¬ 
lution into account yields the same value for /?. Note that 
with the spectrometer settings that had to be chosen for 
H= 0.5 T two of the weak spots could not be resolved com¬ 
pletely (Fig. 2, top). 

When H is precisely aligned with the c axis, i>ese four 
domains are degenerate and occupy equal fractions of the 
sample volume. However, the degeneracy between the do¬ 
mains is lifted even by a subtle inclination of the field with 
respect to the c axis. Tilting often favors two of the domains 
over the remaining two, as shown in Fig. 2. The mechanism 
for creation of this domain imbalance will be discussed in 
the next section. 

The oblique structure we observe is manifestly different 
from the triangular lattice expected when the vortices interact 
purely electrodynamically. We have therefore evaluated the 
Gibbs free energies of vortex lattices with different (3, taking 
the nonzero extent of the vortex core into account. In the 
London approximation, the Gibbs free energy density can be 
written as 5 

where \~1500 A is the penetration depth, B is the magnetic 
induction, and the sum runs over all reciprocal lattice vectors 
Q. The finite extent of the vortex core is approximated by a 
circular “hard core” cutoff Q mM = 2it/£, where f~15 A is the 
in-plane coherence length. At each applied field H and for 
each /? the magnetic induction, B, is computed by numeri¬ 
cally evaluating dG/dB=Q. While at low magnetic fields our 
calculation is insensitive to the size of the vortex core and 
reproduces the well-known free energy minimum at (3=60 °, 
G((3 ) becomes extremely sensitive to the core cutoff in fields 
of several tesla. Topical numerical data are shown in Fig. 4. 
This means that the structure of the vortex core begins to 
have a significant influence on the structure of the vortex 
lattice in the field regime investigated in our experiments. 
The shape of the Vortex core and the behavior of the super¬ 
conducting order parameter near the core reflect the underly- 




F1G. 5 Contour plot of SANS pattern for tl=2 T, 0-20°, obtained by 
rotating around (110). 
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ing microscopic electronic structure of the superconductor, in 
particular the spatial variation of the energy gap. 

The link between the microscopic electronic structure 
and the mesoscopic structure of the vortex lattice is provided 
by the gap equation in a magnetic field. Even for an isotropic 
Bardeen-Cooper-Schrieffer (BCS) superconductor this 
equation is difficult to solve at a general magnetic field. Ad¬ 
ditional difficulties arise in the cuprates because the func¬ 
tional form of the gap equation is still under debate. How¬ 
ever, as first shown by Abrikosov, 6 the equations simplify 
significantly near the upper critical field, where the magnetic 
induction is almost uniform. While for isotropic supercon¬ 
ductors the equilibrium vortex lattice structure is the triangu¬ 
lar lattice near H c2 , 7 a c2mm structure of the type we ob¬ 
serve here has been observed before in the cubic 
superconductor Nb, 8 when the field is oriented in a fourfold 
crystallographic direction. This observation was explained 
theoretically by Takanaka, 9 who solved the gap equation of a 
superconductor with a cubic Fermi surface and found that in 
general structures of c2mm symmetry have lower free ener¬ 
gies than the triangular lattice. The angle /3 between primi¬ 
tive vectors depends on the degree of Fermi surface anisot¬ 
ropy through the parameter (e‘ Aip ), where <p is the azimuthal 
angle in the yz plane perpendicular to the magnetic field, and 
the brackets denote an average on the Fermi surface, We 
have parametrized the Fermi surface extracted from photo¬ 
emission experiments 10 by two harmonics invariant under 
the point symmetry of the lattice 

E F {<p)=E F0 +E Fi sin 2 (p cos 2 ip, (2) 

with E Fl **>E F2 , and obtain (e ,A<p ) Ki E F i/l6E F0 . According 
to the numerical calculations of Ref. 9, this value of (e' 4v ) 
corresponds to /3=63°, much closer to 60° than the angle we 
observe. The origin of this discrepancy is likely to be an 
energy gap anisotropy contributed by the pairing interaction 
in the cuprates. It is already known that significant modifi¬ 
cations to the standard gap equation are needed to account 
for the large directional variation of the energy gap observed 
in photoemission experiments on Bi 2 Sr 2 CaCu 2 0 8+ * n An¬ 
other possible origin of the quantitative discrepancy between 
theory and our observations is an in-plane penetration depth 
anisotropy, which various authors have determined to be be¬ 
tween —1.1 (Ref. 12) and ~ 1.5. 13 While a quantitative ex¬ 
planation of our data thus has to await more elaborate calcu¬ 
lations based on realistic gap equations, it is remarkable that 
the symmetry of the vortex lattice is correctly predicted by 
an analysis whose only ingredient is the fourfold symmetry 
of the vortex core. 

A more extensive treatment of anisotropic vortex lattices 
in type-II superconductors with a small ratio of penetration 
depth to coherence length has been given by Teichler, 14 who 
considered a cubic superconductor with an anisotropic pair¬ 
ing interaction. The resulting gap anisotropy leads to an at¬ 
tractive interaction between the vortices, in addition to the 
electrodynamic repulsion. The magnitude of the attractive 
interaction is largest in the direction of minimum energy gap, 
which is the (110) direction in Bi 2 Sr 2 CaCu 2 0 8+ ,5(Ref. 11) 
and presumably also in YBa 2 Cu 3 0 7 . Teichler’s analysis will 
likely need substantial modifications in the case of 


YBa 2 Cu 3 0 7 . In particular, the energy gap in the (110) direc¬ 
tion is extremely small and possibly zero, which may lead to 
a long range interaction between vortices. Nevertheless, the 
directional variation of the energy gap in the Cu0 2 planes is 
a plausible explanation for the observed coupling between 
vortex lattice and crystal lattice orientations. 

We 4 and others 3 had previously attributed this unique 
orientation of the vortex lattice to pinning by twin bound¬ 
aries. However, the persistence of this orientation even as the 
field is inclined by up to 40° with respect to the twin bound¬ 
aries is difficult to reconcile with this model. Moreover, the 
persistence of the same structure over an order of magnitude 
in magnetic field which we have now observed argues 
against a significant influence of twin boundaries on the vor¬ 
tex lattice structure and orientation. (Whereas at H- 0.5 T 
the intervortex distance is comparable to the average twin 
boundary spacing, at H=5 T it is almost five times smaller.) 

Since near H ci the size of the vortex core is negligible 
compared to the intervortex distance, vortex core effects can¬ 
not play a role in determining the vortex lattice structure and 
orientation in very low magnetic fields. Indeed, Bitter deco¬ 
ration experiments near H ci have revealed the expected tri¬ 
angular lattice with an orientation unrelated to any crystal¬ 
line high-symmetry direction. 12,15 We thus expect a crossover 
between an orientationally degenerate triangular lattice and 
the oblique structure with unique orientation in an interme¬ 
diate field range. There are some indications that this cross¬ 
over actually occurs at a very low field, as expected for a 
large gap anisotropy: For B -0.0065 T, close to the largest 
field for which the Bitter decoration technique is applicable, 
Dolan et al . 13 observed a structure that is completely consis¬ 
tent with the one we observed (Fig. 3), except that 0=(65° 
±5°). Note that these measurements were taken in un¬ 
twinned sections of YBa 2 Cu 3 0 7 crystals, further supporting 
our argument for an intrinsic origin of the coupling between 
the crystal lattice and vortex lattice. The field independence 
of /? in the field range we have investigated suggests that /3 
has already saturated at its H c2 value. 

IV. TILT-INDUCED STRUCTURAL TRANSITION 

We observe a potentially related structural transition as 
the magnetic field is inclined by an angle 0 with respect to 
the c axis. This transition is superposed by an overall distor¬ 
tion of the vortex lattice due to the quasi two dimensionality 
of the electronic structure. 4,16 For inclination angles up to 
0~6O°, the structure of the vortex lattice remains dominated 
by interactions within the Cu0 2 sheets. The vortex lattice for 
small 0 can thus be thought of as the projection of an isotro¬ 
pic two-dimensional lattice onto the field direction. This ef¬ 
fect gives rise to an elliptical distortion of the vortex lattice; 
the semimajor axis ol the ellipse coincides with HXc, and 
the aspect ratio is cos 6 for small 6. (As three-dimensional 
interaction s become relevan t for larger 6, the aspect ratio 
becomes \je 2 sin 2 #-'-cos 2 0, where e~0.2 is the penetration 
depth anisotropy.) 

In addition to this overall anisotropy, we observe a con¬ 
tinuous structural transition of the in-plane isotropic lattice 
as a function of fr. The angle /?=73° observed for <?~0 de- 


J. Appl. Phys., Vo!. 76, No. 10,15 November 1994 


Keimer et at. 


6781 





FIG. 6. (Top) contour plot of SANS pattern for H= 0.5 T, 0=60°, obtained 
by rotating around a low-symmetry crystallographic direction. (Bottom) pro¬ 
jection of two isotropic triangular lattices in the Cu0 2 layers onto the field 
direction for the same geometry. " :e lattices are oriented such that nearest- 
neighbor pairs point in cither the (110) or the (110) direction. One of these 
domains is highlighted. 


creases continuously and reaches /3-6 0°, corresponding to 
the triangular lattice, for 0—50° (Fig. 6). The nearest- 
neighbor direction remains the in-plane (110) direction. 

Whtle the structural transition occurs for all three experi¬ 
mental geometries discussed in Sec. I, the domain structure 
of the observed lattice depends on the crystallographic direc¬ 
tion chosen as the axis of rotation. If the field inclination is 
achieved by rotating around (100), all four domains of Fig. 3 
continue to be populated. However, once /3 has reached 60°, 
domains 1 and 2, as well as domains 3 and 4, become iden¬ 
tical. If the rotation axis is (110), a two-domain lattice is 
observed (Fig. 5). For the two observed domains, the projec¬ 
tion of (110) is parallel to the direction HX(HXc), i.e., the 
y axis in Fig. 1. [Note that the diffraction pattern can be 
obtained from the real lattice by a 90° rotation and rescaling, 
and that because of twinning (110) and (110) are superposed 
in our crystal.] This is the nearest-neighbor direction favored 
by the uniaxial anisotropy reflecting the quasi two- 
dimensional electronic structure. 17 The uniaxial anisotropy 
can thus lift the degeneracy between the domains. 

We have also chosen an experimental geometry in which 
the inclination is achieved by rotating around a low- 
symmetry crystallographic direction such that (110) and 
(110) subtend identical angles with the rotation axis. 4 In this 
case we also observe a two-domain lattice for small 0, al¬ 
though the uniaxial anisotropy does not distinguish between 
the two domain pairs. However, the vortices in the two do¬ 
main pairs subtend different angles with respect to both sets 
of twin boundaries. 4 Pinning interactions between vortices 
and twin boundaries favor the pair of domains subtending the 


smaller angle with respect to the twin boundaries, because 
the vortices have to bend less in order to gain advantage of 
the pinning energy. Although, as discussed above, the struc¬ 
ture and orientation of the vortex lattice are determined by 
electronic energies that are presumably much larger than pin¬ 
ning energies, pinning effects appear to provide enough en¬ 
ergy to select between otherwise degenerate domains. 

It may not be coincidental that the triangular structure 
observed in inclined fields is just the structure expected in 
the London limit, since the in-plane vortex lattice is only 
sensitive to a reduced field component H cos 0 perpendicular 
to the Cu0 2 sheets. Moreover, for large 0 the effective core 
size shrinks because of the reduced coherence length in the 
c-axis direction. Electrodynamic effects should thus become 
more relevant for larger inclinations. Detailed numerical cal¬ 
culations to test these ideas are currently underway. 

V. TILT-INDUCED REORIENTATION AND VORTEX 
CHAIN STATE 

In agreement with this general scenario, we observe a 
reorientation of the vortex lattice into the unique orientation 
predicted by the anisotropic London model when the incli¬ 
nation is achieved by rotating around (100). In this case the 
orientation favored by the in-plane energy gap anisotropy is 
different from the orientation favored by the anisotropic elec¬ 
trodynamic interactions between the vortices. For small 0 the 
electrodynamic energies favoring the HX(HXc) direction 
as the nearest-neighbor direction are small, 17 and the in¬ 
plane anisotropy determines the vortex lattice orientation. As 
the shielding currents around the vortices begin to flow in the 
c-axis direction for large 0, in-plane anisotropy effects di¬ 
minish and the electrodynamic effects associated with the 
uniaxial penetration depth anisotropy begin to dominate. The 
crossover between these two orientations is gradual and be¬ 
gins at 0-70° in this geometry, coming to completion for 
0-80°. 

In the large-0 orientation, the vortex lattice can be con¬ 
sidered as a collection of chains with locked periodicity ex¬ 
tending in the HX(HXc) direction. Because of the penetra¬ 
tion depth anisotropy, the distance between the chains is 
much larger than the nearest-neighbor distance within the 
chains. Based on calculations in the London limit, an ex¬ 
tremely small modulus for shear in the chain direction has 
been predicted, 18 thus causing a decoupling of the chains 
even for very weak pinning disorder or thermal fluctuations. 
This vortex chain state has indeed been observed in Bitter 
decoration experiments in very low magnetic fields. 19 We 
have observed the same instability in fields of 0.5 and 2 T. Its 
experimental signature is a continuous broadening of all 
Bragg reflections not exclusively associated with the distance 
between the chains. For 0=80° only the two reflections with 
Bragg planes parallel to the chain direction remain sharp and 
observable. Note that all of our diffraction patterns were 
taken after field cooling the sample to low temperatures. The 
disordered vortex chain state is thus presumably frozen in at 
high temperatures. 

We have carefully measured the width of the “rocking 
curves” of the vortex chain state reflections at H- 0.3 T, 
using a vertical-field electromagnet. This measurement pro- 


6782 J. Appl. Phys., Vo!. 76, No. 10,15 November 1994 


Keimer et al. 





vides direct information about the “straightness” of the vor¬ 
tices in the bulk of the sample. A temperature dependence of 
the rocking curve could thus herald dimensional crossover 
effects or thermal wandering of three-dimensional vortices. 
We find that the rocking curves, as well as the width of the 
reflections perpendicular to the field direction, remain reso¬ 
lution limited up to at least 7"=80 K. The signal-to- 
background ratio became too low to extract reliable informa¬ 
tion from measurements taken at higher temperatures. We 
plan to repeat these measure 'ents in higher magnetic fields, 
where we expect the conditions to be more favorable 

VI. CONCLUSIONS 

In conclusion, we have demonstrated an unanticipated 
connection between the vortex lattice structure in magnetic 
fields of order 1T and the microscopic electronic structure of 
YBa 2 Cu 3 0 7 . As a result of tb ■ directional variation of the 
energy gap in the Cu0 2 plane, the symmetry and orientation 
of the vortex lattice is coupled to the underlying crystal lat¬ 
tice when the field is applied in the c-axis direction. This 
coupling diminishes gradually as the field is inclined with 
respect to the c axis. As a function of increasing inclination 
angle we observe a two-step transition of the vortex lattice 
into the symmetry and orientation predicted by the London 
model with uniaxial anisotropy. 
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A flux-line lattice (FLL) was observed in a single crystal of Bi 215 Sr 195 CaCu 2 0 8+ j (BSCCO) using 
small-angle neutron scattering methods. The sample has a superconducting transition at 85 K. The 
flux-line lattice is observed to melt, evidenced by the rapid disappearance of diffracted intensity as 
the temperature is increased above a field-dependent melting temperature. Diffracted intensity due 
to the vortex lattice also falls off as the applied field is increased. It is believed that this is a 
manifestation of the transition of the three-dimensional flux lines into two-dimensional pancake 
vortices. The Bragg intensity of the FLL peak is inversely proportional to the fourth power of the 
London penetration depth (X t ). Hence, the temperature (T) dependence of the order parameter can 
be measured quite accurately from the intensity of the Bragg spots at different temperatures. In 
BSCCO with an applied field of 50 mT, the measured T dependence appears linear. The low-7 
behavior is of great interest for an understanding of the underlying mechanism for superconductivity 
in these materials. 


INTRODUCTION 

In type-7 superconductors, an applied field is completely 
screened till the field strength exceeds the critical field. A 
higher field causes the superconductor to become normal, 
that is, nonsuperconducting. In 1957, Abrikosov 1 in his 
theory of type-// superconductors predicted the existence of 
the “mixed” state, where flux carried by quantized flux lines 
or vortices penetrate the bulk material, causing parts of the 
superconducting material to become normal. This occurs for 
applied fields ( B) such that H cl <B<H c2 , where H cX and 
H c2 are the lower and upper critical fields, respectively. 

The interaction between vortices is repulsive, hence vor¬ 
tices form a lattice which maintains the maximum distance 
between them. Each vortex line contains a total flux equal to 
the flux quantum <t> 0 =/ic/2e, where h is Planck’s constant, c 
is the speed of light, and e the charge of an electron. Hence 
the total number of flux lines in the sample is determined by 
the external applied field. 

The arrangement of flux lines was first observed in Bitter 
patterns or decoration experiments. When a thin layer of 
finely ground ferromagnetic particles are deposited on the 
surface of a superconductor which is then cooled in a field, 
the magnetic dust settles at the normal cores of the vortex. 
The resulting decoration reflects the underlying field distri¬ 


bution. Extremely clear decorations have been seen by a 
number of groups, both in the conventional as well as in the 
high-T c materials. It is also the method by which defects in 
vortex lattices were first observed. More recently, scanning 
tunneling microscopes equipped with a magnetic tip have 
been used to look at the field distribution in conventional 
superconductors. The most serious limitation of both these 
techniques is that they probe only the surface. Also, the fields 
used to get a good decoration must be quite low to distin¬ 
guish between the cores. To their advantage, samples can be 
quite small. Invariably, more perfect samples can be obtained 
when large size is not required. 

The properties of the flux lattice as a function of field 
and temperature are important both for a better understand¬ 
ing of the nature of the interaction causing pair formation in 
high-7’ c superconductors and also for applications of the ma¬ 
terial in devices. Using small-angle neutron scattering 
(SANS), the temperature (T) dependence of the London 
depth is vital information that can be measured. In the Lon¬ 
don model, the intensity of the Bragg peaks is proportional to 
the inverse fourth power of the London penetration depth; 
because of this strong dependence, this length can be accu¬ 
rately determined. Of all the high-7 c superconductors, 
YBa 2 Cu 30 7 (YBCO) is of particular interest in applications 
since the large pinning, due to twin plane defects, leads to 
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high critical currents. However, the transition mechanism in 
high-T c superconductors is a topic of ongoing debate and the 
high density of the twin plane defects in the samples of 
YBCO that have been studied cast some doubt on whether or 
not the observed temperature dependence is intrinsic or due 
to the defects combined with the fact that the temperatures 
involved are quite high and thermal effects can be substan¬ 
tial. Hence, measuring the temperature dependence of the 
order parameter in a material with relatively few defects, 
such as our sample of Bi 2 . 1 5 Sri 95 CaCu 2 0 8 (BSCCO), is 
quite important. 

In addition, it has been clear for some time that YBCO 
and BSCCO behave quite differently. BSCCO is much more 
anisotropic than YBCO. A variety of vortex structures that 
have been suggested for high-r c superconductors in general 
vortex lattice melting with increase in temperature and 3 d- 
2d dissociation have been invoked to explain experimental 
data. Although this is expected in YBCO as well, the effects 
in BSCCO were larger and occurred at lower fields and tem¬ 
peratures because of its larger anisotropy. It was apparent 
that the B-T phase diagram for BSCCO was not dull. 

The anisotropy of the high-7,, superconductors is, in 
general, nominally uniaxial since the a-b (basal plane) an¬ 
isotropy is fairly small and the c axis is considerably larger. 
In BSCCO, the crystal structure is nearly tetragonal with the 
alb ratio close to unity and c<^5.5a. Consequently, the high 
symmetry configuration for the observation of the vortex lat¬ 
tice is with the applied field parallel to the crystallographic c 
axis of the crystal. The information about the ratio of the 
in-plane effective mass to that out of plane is obtained from 
FLL’s in the geometry where the applied field is at a large 
angle to the c axis of the crystal. 

In the last few years, we have carried out SANS experi¬ 
ments in the high-T c superconductors YBCO and BSCCO. In 
this article we discuss the measurements that we have made 
of the flux lattice in single-crystal samples of BSCCO both 
with the field parallel to the c axis and with the field at an 
angle of up to 15° from the c axis. We also discuss the 
experimental technique and the information that it gives in 
some detail. 


EXPERIMENT 

Small-angle neutron scattering experiments were first 
suggested by deGennes and Matricon. 2 (Since neutrons have 
a magnetic moment, they interact with the field modulation 
caused by an array of flux lines.) Shortly thereafter, a Bragg 
diffraction peak from a flux-line lattice corresponding to the 
predicted triangular arrangement was observed by Cribier 
and co-workers 3 in a single-crystal sample of niobium on 
which a magnetic field was applied. Since then, extensive 
measurements have been made in Jiilich 4 and Oak Ridge, 5 on 
niobium as well as other conventional superconductors, 
probing the details of the lattice structure, the effect of de¬ 
fects, the exact nature of the form factor and of the 
temperature-dependent order parameter. 

The d spacing, d, of the first-order reflection of a trian¬ 
gular isotropic lattice, determined solely by the applied field 
and the flux quantum, is given by 



where B is the applied field and 3> 0 is the flux quantum. (The 
intervortex spacing, a,=d/cos 30.) For an applied field of 
100 mT, this distance is approximately 1350 A, correspond¬ 
ing to a q value of 0.0047 A -1 . Hence, the angles at which 
this scattering can be observed are small. The vortex is a line 
of magnetic flux; the lateral extent of the field distribution is 
determined by the London penetration depth, k L . The inten¬ 
sity of a diffraction peak, I hk , is given by 



where / 0 is the incident neutron flux, fi the neutron magnetic 
mo-uent in Bohr magnetons (/j,- 1.91), V the sample volume, 
the neutron wavelength, k L the London penetration depth, 
B is the applied magnetic field, and <t> 0 is the flux quantum. 

The London depth is approximately the half-width at 
half maximum of the field distribution of a single flux line, 
hence there is less contrast for larger X t . For niobium, 
X i «=400 A, whereas for the high T c materials, it is at least 
three times larger. The signal to be measured is therefore 
lower by approximately two orders of magnitude. Also, the 
signal for the first-order reflections, barring other complica¬ 
tions, is relatively independent of the applied field except for 
a geometrical 1 lq factor. On the one hand, there is less con¬ 
trast between the peak and valley at a higher field due to 
larger number of flux lines; on the other, the number of scat¬ 
tered is higher which balances the equation. However, there 
is considerable gain in utilizing a larger field in order to get 
away from the incident beam and the metallurgical scattering 
as much as possible in order to increase the signal to noise 
ratio. 

In order to obtain the integrated intensity, the rocking 
curve (or mosaic width), Ad, of the Bragg scattering must be 
measured. This mosaic is a measure of the straightness of the 
flux lines along the applied field direction or a measure of the 
length over which they remain straight. If it is assumed that 
the mosaic is entirely due to finite sample size (i.e., flux-line 
length), the lower limit on this length is determined. A scat¬ 
tering object of finite size leads to an extended object in 
reciprocal space. If it is assumed that the flux lines are 
straight over length /, the Fourier width on reciprocal space 
is given by 

|t) / / ( ? =A£,> hence l= xe- (3) 

Because the measured rocking width convolutes this length 
effect with any meandering of the flux lines away from the 
field direction, / is a lower limit on the length of the lines. 

Data were taken on the small-angle spectrometer at Risei 
National Laboratory using an incident neutron wavelength of 
nearly 20 A and a Sk/k of 18%. The lowest applied field was 
200 mT. 

The sample used for most of these measurements was a 
platelike single crystal weighing 180 mg. This sample had a 
(crystal) mosaic width of approximately 0.5°. Other samples 
were also studied briefly thus far; all had a nominal compo- 
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FIG. 2. The temperature dependence of the order parameter at low tempera¬ 
ture. 


FIG. 1. The flux-lattice signal seen in a difference measurement between 
field-cooled (40 mT) and zero-field-cooled data. 


sition given by Bb.isSr^CaCujOfl ^. The samples appear 
to be untwinned; front and back faces had the same relative 
orientation of the a axis in x-ray characterizations. 

RESULTS AND DISCUSSION 

At the lowest temperatures, with the applied field (50 
mT) parallel to the c axis of the sample, the flux-line lattice 
was seen 6 in the difference signal between field-cooled and 
zero-field-cooled runs, shown in Fig. 1. The lattice has six¬ 
fold symmetry and is aligned with the crystalline b axis in all 
the samples measured. It is likely that the samples are un¬ 
twinned since the flux lattice consists of only one domain. (A 
twinned crystal would give rise to a second domain rotated 
by 90°.) The mosaic width of this lattice was approximately 
1.2(2)°, giving a minimum flux-line length of approximately 
10 m. From the integrated intensity, the London penetration 
depth obtained for BSCCO at the lowest temperatures is ap¬ 
proximately 1800 A, not significantly different from YBCO. 

As the applied field was increased, the signal intensity 
decreased faster than expected from the (1 iq) factor. The 
signal intensity began to decrease as the field was raised 
above 50 mT and for fields above 100 mT, no flux lattice was 
observed at all. We believe this to be a manifestation of the 
dissociation of three-dimensional flux lines into 2d pancakes. 
This was also observed in /zSR measurements 7 on samples 
prepared by the same method. The 3d-2d transition occurs 
at the same field that appears to be independent of tempera¬ 
ture. 

The intensity, which is inversely proportional to the 
fourth power of the London penetration depth, decreases lin¬ 
early at low temperatures in BSCCO, as shown in Fig. 2. 
This is unlike conventional 5-wave superconductors where 
intensity changes very little for T less than about TJ 3. Also, 


there appears to be no anisotropy within the measured errors 
in the plane. That is, the T dependence of the Bragg peaks 
aligned along b compared to the peaks 60° from b show no 
significant difference. However, it must be emphasized that 
the linear slope at low temperatures does not imply d-wave 
superconductivity, the interpretation of the T dependence is 
still an open question. 

At a temperature that is dependent on the applied mag¬ 
netic field, we observe the rapid decrease of the intensity 
associated with melting of the flux lattice. The melting oc¬ 
curs at the same temperature at which finite resistance ap¬ 
pears within the the superconducting state. The melting line 
in the B-T phase diagram appears to coincide with measure¬ 
ments of the irreversibility line. The schematic B-T phase 
diagram from neutron scattering and magnetic measurements 
is shown in Fig. 3. The solid line in the figure is found by 
using the relation 8 


Bw(T m )~ 


1 

fact 

{[4v2-1)+1] 2 t Tfi- U } 

[[y^x^o)] 2 ] 


1 -(TJT c ) n 
TJT C 


(4) 


with the Lindemann melting parameter, ^=0.2, the mass 
ratio, y 2 =140 2 , the in-plane London penetration depth at 
zero temperature, X ab (0)=1800 A, and n =3.3. This line is in 
good agreement with the observation of flux-lattice melting 
observed here as well as by the muon spin rotation measure¬ 
ments. It is reasonable to assume that this decrease in inten¬ 
sity represents the melting of the 3-d lattice. Careful analyses 
show no broadening or any other indication that the flux line 
is approaching the melting temperature. We do not see any 
signal at all above T m even though a ring of scattering is 
expected, presumably because the disordered flux liquid is 
not a strong enough scatterer to give a measurable count. 1 he 
coherent Bragg signal could not be seen in the raw data but 
only in a difference as stated earlier. Hence it is not unex- 
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FIG. 3. The B-T phase diagram for BSCCO. 

pected that a signal from a disordered liquid having the same 
total scattering contrast would be beyond what can be mea¬ 
sured here in a reasonable time. Since the melting is u?soci- 
ated with finite resistance, applications may not have advan¬ 
tages in using BSCCO. Materials with lower anisotropies 
and stronger pinning will probably make better candidates 
for devices. 

In our earlier work 9 on YBCO, the effects of anisotropy 
were clearly seen as the angle between the applied field and 
c axis of the crystal, 0, was increased and the effective mass 
ratio was determined. In BSCCO, an effort to measure this 


ratio resulted in very odd behavior. In this system, when the 
angle 0 was increased, the signal from the vortex lattice 
dropped sharply at a moderate applied field of 30 mT. In fact, 
by the time 0 was increased to 15°, no measurable scattering 
was observed. The loss of intensity could arise due to melt¬ 
ing at a lower temperature when 0 is increased, but this is 
inconsistent with the jttSR data 7 in which a three-dimensional 
lattice is clearly seen for larger angles at the same field. It is 
possible that the c axis is a preferred direction for the flux 
line (in a manner similar to YBCO, although twin plane de¬ 
fects are thought to cause the effect in that compound), per¬ 
haps because the currents prefer to flow in the a-b plane. To 
test this hypothesis, we searched for the scattering signal 
with the q vector perpendicular to the c axis but did not 
observe any. (NOTE: In the latter configuration, the field 
direction was © from the incident neutron direction and the c 
axis was now parallel to the incident neutrons.) More experi¬ 
ments are planned in order to elucidate this matter. Clearly, 
much more remains to be learned about these superconduct¬ 
ing systems. 
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Neutron diffraction from the vortex lattice in the heavy fermion 
superconductor UPt 3 (invited) (abstract) 
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AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

K. N. Clausen, B. Howard, K. Mortensen, and J. S. Pedersen 

RisS National Laboratory, Roskilde, Denmark 

The heavy fermion superconductor UPt 3 is thought to have a d- wave pairing ground state. The 
principal experimental evidence for this consists of the anisotropy of the power-law behavior 
observed in transverse ultrasound and /j. + SR measurements. The observation of a complex phase 
diagram in the superconducting state in ultrasound, torsional oscillator, and specific heat 
measurements may be a further indication of an unconventional pairing state. Theoretical 
investigations suggest the possibility of vortex lattices that are unconventional in their symmetry, 
their quantization, or the structure of their composite vortex cores. Transitions between such exotic 
vortex lattices are in principle allowed and could explain the observed features at H^O.6 H c2 (for 
H\\c) and H^0.3H c2 (for Hlc). Neutron diffraction is an ideal bulk probe of the microscopic 
properties of the vortex lattice. We have studied the vortex lattice with Hie and T^5 0 mK in the 
field range 0.75<//< 10 kG. The structure of the vortex lattice and the quantization of the vortices, 
in addition to the London penetration depth, \ L , the coherence length, f, and the effective mass 
anisotropy are all well determined by our measurements. 1 The lattice is oblique hexagonal with 
conventional quantization. Its anisotropy can be explained by considering a combination of Fermi 
surface and gap anisotropy. However, the lattice does not appear to change near the transition 
between superconducting phases identified by other techniques. 
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Small angle neutron scattering from the vortex lattice in 2ft-NbSe 2 (invited) 
(abstract) 
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T. E. Mason and K. Mortensen 
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We report on small angle neutron scattering studies of the flux-line lattice in single crystal 
2H-NbSe 2 . For fields inclined with respect to the c axis, we find distortions and form factors 
consistent with Ginzburg-Landau corrections to the London equations with a mass anisotropy 
T=10.1 ±0.9. The flux lattice orientation, however, remains pinned to the crystal lattice for all tilts 
studied, in disagreement with the orientation defined by anisotropic London theory. 1 For fields 
below 2 kG parallel to the c axis, the peaks are no longer resolution limited. The correlation lengths 
extracted are history dependent, and show that the lattice is annealed when a current greater than the 
critical current is applied. This occurs both when a direct transport current is used, or an induced 
current in a zero field cooled experiment. The annealing is seen in both the transverse and 
longitudinal correlation lengths, and calls into question the relationship between the 
Larkin-Ovchinnikov correlation length and the measured critical currents in this system. 
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Giant magnetoresistance in sputtered Cr-Fe heterogeneous alloy films 

K. Takanashi, T. Sugawara, K, Hono, and H. Fujimori 

Institute for Materials Research, Tohoku University Sendai 980-77, Japan 

We have observed large negative magnetoresistance (MR) in Cr-Fe heterogeneous alloy films 
sputter deposited on heated substrates. The largest MR, 37.3% at 4.2 K and 14 T, appears around the 
Fe concentration of 20 at. %. While a large substrate temperature dependence of MR is observed 
when the Fe concentration is lower than 20 at. %, MR does not vary noticeably with changes in the 
substrate temperature when Fe concentration exceeds 20 at. %. 


I. INTRODUCTION 

Recently, giant magnetoresistance (GMR) in heteroge¬ 
neous alioy films such as Cu-Co , 1 ’ 2 Ag-Co , 3 ’ 4 and Ag-Fe , 4-6 
in which ferromagnetic particles of nanometer size are ho¬ 
mogeneously distributed in the nonmagnetic matrix, has 
been attracting much interest. GMR was found in multilay¬ 
ered Cr/Fe for the first time ; 7-8 however it has never been 
reported in Cr-Fe heterogeneous alloys. This is the first re¬ 
port on GMR behavior in sputtered Cr-Fe heterogeneous al¬ 
loy films. 

Cr-Fe has an isostructure two phase region below 475 °C 
but the solubility limit of Fe in Cr is considerable. The cr 
phase is present in the temperature range from 475 to 
821 °C, which makes high temperature annealing for induc¬ 
ing phase separation without an appearance of a phase dif¬ 
ficult. Above 821 °C, Cr and Fe are entirely miscible . 9 These 
features are in contrast to the Cu-Co, Ag-Co, and Ag ; e 
systems, in which GMR has been reported in the heteroge¬ 
neous structure. In such alloy systems, the heterogeneous 
structure can been obtained upon annealing nonequilibrium 
solid solutions prepared by sputtering or rapid quenching. In 
the case of Cr-Fe, however, post-deposition annealing is not 
app r opriate for phase separation because of the slow kinetics. 
Hence, in the present study, we have deposited Cr-Fe alloy 
films at elevated temperatures. Sputter deposition on heated 
substrates is expected to promote phase separation due to 
surface diffusion which is many o H ers of magnitude faster 
than the volume diffusion that would otherwise control the 
kinetics of the post-deposition annealing . 10 

II. EXPERIMENT 

Cr-Fe heterogeneous alloy films were prepared by the rf 
sputtering method on Si substrates heated up to 200 °C. For 
comparison, Cr-Fe homogeneous alloy films were also pre¬ 
pared by rf sputtering on Si substrates cooled by liquid ni¬ 
trogen. The composition of the alloy films was varied from 0 
to 40 at. % Fe by the number of Fe sheets (10X10 mm 2 ) on 
a Cr target (<£100 mm). The composition of the films was 
determined by inductively coupled plasma (ICP) emission 
spectroscopy analysis. In this article, the sample with the Fe 
concentration of x at. % deposited at the heated/cooled sub¬ 


strate is denoted as /i/c-Cr, _ x Fe*. The background pressure 
of the sputtering chamber was approximately 1X10 ~ 6 Torr. 
Sputtering was carried out in an atmosphere of Ar gas at 
5X10 " 3 Torr by applying a power of 500 W. The distance 
between the target and the substrate was 100 mm. The depo¬ 
sition rate was typically 1.5 A/s, and the films were 1-2 / 4 m 
thick. The microstructure of the samples was observed by a 
120 kV transmission electron microscope (TEM), Philips 
CM12. TEM specimens were prepared by ion milling after 
mechanically grinding the substrate. The Ar ion current for 
ion milling was set to be 0.5 mA at 4 kV. Magnetoresistance 
(MR) was measured at 4.2 K by the conventional four-probe 
method. An electromagnet was used in a low field range of 
±0.6 T, and a superconducting magnet was used in high 
fields up to 14 T. Magnetization versus applied magnetic 
field ( M-H ) curves were measured at 4.5 K in the range of 
±5.5 T, using a SQUID magnetometer (Quantum Design, 
MPMS). 


FIG. 1. Bright field TEM images and selected area diffraction patterns of (a) 
a Cr g39 Fe J6 ] film sputtered on the heated substrate (/?-Cr b3y Fe le , j) and (b) a 
Cr 83 iFe 169 film sputtered on the cooled substrate (c-Cr w iFe 169 ). 
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FIG. 2. MR (upper) and M-H (lower) curves of (a) a Cr 897 Fe 10 3 film 
sputtered on the heated substrate (h-Cr 897 Fe 103 ) and a Crg 91 Fe 10 . 9 film sput¬ 
tered on the cooled substrate (c-Cr 89 |Fe )09 ), (b) /)-Cr 790 Fc 210 and 
c-Cr 78 3 Fe 2 17 , and (c) h-Cr 714 Fc 28 6 and c-Cr 69 7 Fe 303 . The MR curve is 
represented as the resistivity normalized by the maximum around zero field, 
Ap/p m „, as a function of applied field, H. In the M-H curves, the values per 
Fe volume are shown. 


III. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show bright field images and their 
corresponding selected area diffraction patterns (SADP) of 
/t-Cr 83 9 Fe 16 ! and c-Cr 83t Fe 169 , respectively. The SADPs in¬ 
dicate that the films consist of a bcc phase. The average grain 
size is 200 nm for /j-Cr 839 Fe 16 , and 70 nm for c-Cr 83 ^Fe^g, 
respectively, indicating that cooling by liquid nitrogen re¬ 
duces the grain size remarkably. For the /i-Cr 83 9 Fe 16A 
sample, small specks can be seen within a grain. The size of 
the specks is approximately 2 nm and these distribute homo¬ 
geneously within the grain. Such specks are seen in many 
grains, although the appearance of the image varies depend¬ 
ing on the orientation of the grains. This specklike contrast is 
probably due to the presence of Fe-rich ferromagnetic iso- 
structural particles. The formation of these particles is con¬ 
sidered to be a result of the phase separation which pro¬ 
gressed during the film growth on the heated substrate. 

Typical examples of MR and M-H curves are shown in 
Figs. 2(a)-2(c). The MR curves represent the normalized 
resistivity, Ap/p max , as a function of applied magnetic field 
H. In the M-H curves, the values of magnetization are cal¬ 
culated per Fe volume. The results of two specimens with a 
similar composition but grown at different temperatures are 
displayed in the same figure. Negative MR is observed for all 
the samples. Interestingly, the maximum value of MR as 
large as 37.3% is observed in h- Cr 790 Fe 21( c However, MR 
does not saturate even at 14 T for all the samples. At the Fe 
concentrations of a-< 10 at. %, the resistivity for the films 
grown on the cooled substrate decreases almost linearly as a 
function of the magnetic field. On the other hand, the resis¬ 
tivity drops more steeply in the low field region for the films 
grown on the heated substrate. As the concentration of Fe 
increases, the discrepancy bet .een the MR curves for the 
heated and cooled substrates diminishes and both are almost 
the same at a: >25 at. %. A similar tendency is seen for the 
M-H curves. The magnetization for the heated substrate 
saturates more easily than that for the cooled substrate in the 
low x region, and the saturation of the magnetization for the 



FIG. 3. Fe concentration, x, dependence of the MR ratio in Cr, Fe, alloy 
films sputtered on the heated (open circles) and cooled (closed circles) sub¬ 
strates. 


cooled substrate becomes easier with increasing x. The con¬ 
centration dependence of the MR ratio, [p max -p(//=14 
T)]/p max , is shown in Fig. 3. The MR ratio has a maximum 
around x=2Q at. % for both heated and cooled substrates, 
similarly to other systems such as Ag-Fe. 5 However, the MR 
ratio for the cooled substrate is smaller than that for the 
heated substrate at x<25 at. %, and no difference is seen at 
x:>25 at. %. 

The negative MR behavior observed in samples grown 
on cooled substrates is considered to be equivalent to that 
reported for various spin glasses. 11-13 We have also prepared 
homogeneous bulk Cr-Fe alloys by the solution treatment, 
and confirmed a similar MR behavior. 14 In the spin glass 
state, single Fe atoms and/or small Fe clusters with a few Fe 
atoms distribute in a Cr matrix randomly. The magnetization 
vectors of the Fe atoms and clusters lie in different direc¬ 
tions. Therefore, the MR and the magnetization do not satu¬ 
rate easily. By heating substrate phase separation may 
progress during the film growth. In this case, large ferromag¬ 
netic Fe particles, the average size of which is estimated to 
be 2 nm, are formed as shown in Fig. 1(a). Consequently, the 
MR and the magnetization for the heated substrate changes 
more steeply in low fields than those for the cooled substrate; 
the MR ratio for the heated substrate is larger than that for 
the cooled substrate. However, Figs. 2 and 3 indicate that the 
shape of the MR curve and the magnitude of the MR ratio do 
not depend on the substrate temperature at ac>25 at. %. The 
reason for this is considered to be as follows: In a concen¬ 
trated region, even if Fe atoms are randomly distributed in 
the Cr matrix, the density of Fe atoms is so high that a 
considerable amount of Fe atoms couple ferromagnetically to 
form a magnetic cluster. 15 The size of the magnetic clusters 
may be comparable to that of Fe particles precipitated by 
heating the substrate. Consequently, the difference between 
the MRs for the heated and cooled substrates disappears in 
the concentrated region. The fact that the MR has a maxi¬ 
mum around x=20 at. % also suggests that ferromagnetic 
coupling of Fe atoms becomes dominant when x becomes 
larger than 20-25 at. %. In fact, by neutron diffraction, 
Burke et nl. 15 showed that the onset of ferromagnetism was 
around 19 at. % Fe in bulk Cr-Fe alloys. 
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It should be noted that the MR does not saturate even at 
14 T for any samples, irrespective of Fe concentrations and 
the substrate temperatures, while the magnetization reaches 
saturation at 5.5 T for x>25 at. % as shown in Fig. 2. We 
consider that this is due to spin glass behavior of Fe atoms 
contained in the Cr matrix. The values of magnetization are 
much smaller than that of pure bcc Fe, suggesting the phase 
separation is incomplete. Therefore, a large amount of Fe 
atoms is considered to be dissolved, forming a supersaturated 
solid solution in the Cr matrix. Regarding the absolute mag¬ 
nitude of the saturated MR it has been pointed out both theo¬ 
retically and experimentally that the MR is larger as the size 
of magnetic clusters is smaller at a certain concentration of a 
magnetic element. 16 ' 18 This may suggest that the saturated 
MR could be largest in the spin glass state. The unsaturated 
behavior of MR was also observed for other heterogeneous 
alloys. 4,6 We would like to remark here that i' , magnitudes 
of MR in heterogeneous alloys are not necessarily meaning¬ 
ful values because it varies depending on the magnetic field 
under which the MR is measured. 

IV. CONCLUSION 

We have investigated the GMR behavior of sputtered 
Cr( -jFe* heterogeneous alloy films. The MR ratio shows a 
maximum around x=20 at. % both for the heated and cooled 
substrates. However, the MR ratio for the cooled substrate is 
smaller than that for the heated substrate at x<25 at. %, and 
the discrepancy diminishes with increasing x. This suggests 
that in dilute regions, the samples sputtered on cooled sub¬ 
strates behave like spin glass, while in concentrated regions, 
ferromagnetic interaction becomes dominant even in the ho¬ 
mogeneous solid solution. 
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Origin of giant magnetoresistance effect in granular thin films 
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Though the demagnetization process of granular Co-Ag films became steep by adding permalloy 
layer, slow saturation in the magnetoresistance (MR) curves was maintained. In addition, the MR 
characteristics of granular Fe-Ag films prepared under a magnetic field, in which strong magnetic 
anisotropy was induced, were isotropic. The disagreement between the MR and magnetic 
characteristics implies that ferromagnetic granules are not responsible for the giant MR (GMR) 
effect. The MR ratio of the granular Fe-Ag films considerably increaseo at thicknesses less than 20 
nm. In such ultrathin films, the features of the MR curves corresponded well with those of the 
magnetization curves with slow saturation and no hysteresis. These results suggest that the GMR 
effect in the granular systems is attributable to superparamagnetism. 


I. INTRODUCTION 

Giant magnetoresistance (GMR) effect in the Fe/Cr 
multilayer 1 has stimulated a great deal of investigation of the 
magnetotransport properties in the various multilayered and 
sandwiched materials. Since the interlayer diffusion strongly 
influences the physical properties of such structures, the ori¬ 
gin of the GMR effect is believed to be an interfacial spin- 
dependent scattering. 2 ' 5 Recently, it has been observed that 
the GMR effect is also present in granular materials compris¬ 
ing mutually insoluble magnetic and nonmagnetic metals 
and/or alloys. 6,7 These results demonstrated that the GMR 
effect is not restricted to multilayered structures and that ad¬ 
ditional opportunities exist for technological applications. 
However, the transport phenomena in the granular systems 
are not much understood. So far a few models have been 
used for an explanation of the GMR effect. 8 ' 1 ' Though mag¬ 
netization of the granular films is saturated at low fields, the 
MR curves show a slow saturation. 10 We consider that such 
disagreement between the MR and magnetic characteristics 
is a key in the understanding of the mechanisms for the 
GMR effect in the granular systems. 

In the present study, based on the experimental results 
for Fe-Ag films prepared under a magnetic field, ferromag¬ 
netic granules are pointed out to be not responsible for the 
GMR effect in the granular systems. Detailed thickness de¬ 
pendence study suggests that the GMR effect is dominated 
by fine granules with superparamagnetic characteristics. 


II. EXPERIMENT 

To study the effects of the applied field, the Fe-Ag films 
were prepared by rf sputtering under a magnetic field 
H ex = 130 Oe. The thickness dependence was studied on the 
granular Fe-Ag films that were prepared under zero field. 
The details for the preparation have been described 
previously. 11 An electron probe microanalyzer (JEOL JXA- 
840) was used for the elemental analyses. Magnetization (A/) 
and hysteresis loops were measured using a vibrating sample 
magnetometer (TOEI VSM-3S). The MR was measured at 
room temperature, about 293 K, in a four-terminal geometry 
with an in-plane direct current ( J ) between 0.01 and 1 mA. A 


magnetic field ( H ) up to 1.5 T was applied parallel to the 
current. In the present study, the MR ratio is displayed as 
follows: 

AMR=AR/R(1.5), (1) 

where A R is the MR change, R mm -R( 1.5), and R( 1.5) is the 
MR at H=l.5 T. 

III. RESULTS AND DISCUSSION 

Very recently, we have indicated that the Co-Ag/ 
permalloy double-layered structure possesses a steep magne¬ 
tization change. 10 This occurred because the ferromagnetic 
granules in the granular Co-Ag layer were magnetically 
dragged by the Permalloy layer with a soft magnetic nature. 
However, saturation was not observed in the MR curves of 
the double-layered films with a steep demagnetization pro¬ 
cess. Such disagreement between the MR and magnetic char¬ 
acteristics is also observed in granular Fe-Ag films prepared 
under a magnetic field (// ex = 130 Oc) which was applied 
parallel to the film plane. Figure 1(a) shows the M-H curves 
measured under the condition where the H was applied par- 
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FIG. 1. M-H (a) ami MR (b) curves ai room temperature of 100-nm-thick 
Fe 4S Ag 52 film prepared under a magnetic field. 
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FIG. 2. MR ratios of Fe 48 Ag S2 films with variou_ thicknesses ( t). The bro- FIG. 3. MR changes of Fe 48 Ag 52 films with various thicknesses (r). 

ken line indicates the critical diameter of Fe granule estimated by theoretical 

calculation. 


allel (//||// ex ) and perpendicular (HlH ex ) to the // ex in the 
film plane. Here the thickness of the sample was 100 nm. It 
is found that magnetic anisotropy was induced in the pre¬ 
pared samples. This is probably because the applied field 
dominated the easy axis direction of the ferromagnetic gran¬ 
ules. In contrast, the MR characteristics were independent on 
the arrangements between the J, H, and H tx , as shown in 
Fig. 1(b). This indicates that the MR characteristics are 
maintained to be isotropic in the samples prepared under a 
magnetic field. These results for the Co-Ag/Permalloy 
double-layered films and the Fe-Ag films prepared under a 
magnetic field suggest that the GMR effect is not attributable 
to the ferromagnetic granules. In the granular systems, there¬ 
fore, other magnetic components must be proposed as scat¬ 
tering centers. In this respect, we note small magnetic gran¬ 
ules with superparamagnetic characteristics. Though the 
contribution of the superparamagnetic components are neg¬ 
ligibly small in the magnetic properties of the granular ma¬ 
terials, the transport properties are probably influenced by 
them. 

The magnetic property of granules changes from ferro¬ 
magnetic to superparamagnetic as the granule size 
decreases. 12 Therefore, the existing ratio of the superpara¬ 
magnetic granules is expected to increase with decreasing the 
thickness of the granular films. This idea prompted us to 
prepare the granular “ultrathin” films. Figure 2 shows the 
thickness dependence of the MR ratio in Fe 48 Ag 52 films that 
were prepared under zero field. Here the MR ratio is normal¬ 
ized relative to the MR ratio of the 90-nm-thick sample. The 
MR ratio considerably increased at thicknesses less than 20 
nm. It is interesting that this thickness is close to the “critical 
diameter” of the Fe granule (25 nm), below which the Fe is 
theoretically estimated to be superparamagnetic. 13 Here the 
value of R(1.5) necessarily increased with decreasing thick¬ 
ness. Therefore, it is noteworthy that the MR ratio increased 
in spite of the increase in the R( 1.5) value. This means that 
intrinsic change in the MR, which is estimated from A R in 
Eq. (1), is extremely large in the ultrathin films. From a 
quantitative study, it was found that the MR change is about 
60 times as much as that in the “bulk” films which are 
thicker than 90 nm (see Fig. 3). As shown in Fig. 4, the 


Fe 48 Ag 52 ultrathin films showed the M-H curves with slow 
saturation and no hysteresis. In addition, the features of the 
MR curves corresponded well with those of the M-H curves. 
This is in contrast to the disagreement between the MR and 
M-H data in the Co-Ag/Permalloy double-layered films and 
the Fe-Ag films prepared under a magnetic field. The above 
results indicate that the growth of the granules is restrained 
with decreasing the thickness as we expected. It is also sug¬ 
gested that the small granules with superparamagnetic char¬ 
acteristics mainly contribute to the GMR effect in the granu¬ 
lar systems. Figure 5 shows the thickness dependence of 
saturation field ( H s ) associated with the MR characteristics. 
Here the H s is defined as the value of the magnetic field 
corresponding to the MR ratio at a value 80% below each 
MR ratio [see Fig. 5 in Ref. 11(b)], The H s decreased with 
increasing the MR ratio in the ultrathin films. Toward the 
application for thin-film sensor devices, it is extremely im¬ 
portant that the MR ratio increases and H s decreases with 
reducing the thickness in the granular systems. 



II (G) 



FIG. 4, M-H (a) and MR (b) curves at room temperature of 16-nm-thick 
Fe 48 Agt, film. 
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FIG. 5. H s of Fe 48 Ag 52 films with various thicknesses ( t ). 


IV. SUMMARY 

Though the interlayer magnetic coupling was induced in 
the Co-Ag/permalloy double-layered films, the MR change 
was maintained to be slow. In addition, the isotropic MR 
characteristics were observed in the granular Fe-Ag films 
prepared under a magnetic field. The MR ratio in the Fe-Ag 
system considerably increased at thicknesses less than 20 
nm. In such ultrathin films, a slow saturation and no hyster¬ 


esis were observed in the M-H curves, whose features corre¬ 
sponded well with those of the MR curves. These results 
suggest that the larger ferromagnetic particles are not as ef¬ 
fective as the smaller superparamagnetic particles to the 
GMR effect in the granular systems. This is probably be¬ 
cause of the small surface to volume ratio of the former. 
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Structural and magnetoresistance results on annealed sputtered (Ni 81 Fe ]9 , Ni 66 Fe 16 Co 18 )/Ag 
granular multilayers are presented. Structural evolution has shown that highly (111) textured, 
discontinuous layered structures can persist on annealing up to 400 °C. The average magnetic 
particle size is controlled by the annealing temperature and the initial magnetic layer thickness. No 
giant magnetoresistance was observed in the as-deposited films, while significant MR was found 
after annealing between 300 °C and 400 °C. Magnetoresistance over 30%, together with a small 
saturation field, was found at 4.2 K for a starting magnetic thickness of 4 A. Increasing the magnetic 
layer thickness to 20 A greatly improves the magnetic thermal stability, and leads to high 
magnetoresistive sensitivities of up to 0.35%/Oe in a field of 10 Oe at room temperature. The 
magnetization hysteresis, anisotropy, and magnetic interaction in such a granular multilayer are also 
discussed. 


I. INTRODUCTION 

Since the observation of giant magnetoresistance (GMR) 
first in antiferromagneticaliy coupled multilayers, 1,2 and later 
in uncoupled granular alloy films, 3,4 structural and magne¬ 
totransport properties have been intensely studied in a vari¬ 
ety of artificially inhomogeneous structures. High negative 
GMR, which is essential for magnetoresistive sensor appli¬ 
cations, is found in these system and is shown to be related 
to the interface spin-dependent scattering, and is associated 
with the reorientation of the magnetic moments in either a 
coupled multilayer structure or an immiscible granular 
alloy. 1,3 However, the magnetic fields required to achieve 
magnetic saturation and a significant magnetoresistive effect 
are generally too large to be useful in low-field device appli¬ 
cations. 

Annealed NiFe/Ag multilayers, however, have shown 
low-field GMR. 5 ' 8 We have recently extended these studies 
by annealing NiFe/Ag multilayers containing ultrathin NiFe 
layers. Larger enhancements in GMR at 4.2 K were found 
for annealed multilayers and low saturation fields were also 
observed by controlling the size and shape of the magnetic 
precipitates. 9 In this paper, we report the magnetic layer 
thickness dependence of annealed (NiFe,NiFeCo)/Ag multi¬ 
layers on ine structural, magnetic, and transport properties. 


II. EXPERIMENT 

A series of (Ni 81 Fe 19 ,Ni 66 Fe 16 Coi 8 )/Ag multilayers with 
individual magnetic layers, ranging from 4 to 20 A and Ag 
layers of 20-40 A were prepared by dc magnetron sputtering 
at room temperature from separate targets of Ni 81 Fe 19 , 
Ni 66 Fe 16 Co 18 , and Ag onto both glass and oxidized Si sub¬ 
strates. The base pressure was less than 2X10' 7 Torr. The 
deposition rates were typically 1.4-1.6 A/s in 7.5 mTorr ar¬ 
gon. The individual layer thicknesses of the magnetic alloys 


and Ag were adjusted to yield films of magnetic composition 
between 20 and 55 at. %. Total film thicknesses were 750- 
1200 A. The heat treatment was carried out, either under a 
vacuum of better than 2X10” 6 Torr or under a flow of 5% H 2 
and 95% Ar. 

The structural characterization of the samples were per¬ 
formed using low- and high-angle x-ray diffraction using 
Cu -K a radiation and a transmission electron microscope. The 
film compositions, as determined by electron microprobe 
measurements, were found to be within 4% of the nominal 
values. The magnetoresistance measurements were carried 
out using a four-terminal geometry and a high-resolution ac 
bridge. 10 The current was in the plane of the film, with the 
magnetic field either in the film plane and perpendicular to 
the current (transverse p T ) or perpendicular to the plane (per¬ 
pendicular p ± ). 4 - lagnetic hysteresis data at 300 K were ob¬ 
tained using a magneto-optic Kerr effect (MOKE) magneto¬ 
meter with the applied field in the plane of the film. 


111. RESULTS AND DISCUSSIONS: Ni 8 iFe 19 /Ag 
MULTILAYERS 

(Ni 81 Fe 19 r/Ag20 A) 30 multilayers with r NlFe =4-20 A 
were deposited on glass substrates and followed by anneal¬ 
ing under vacuum. The low-angle x-ray reflectivity spectra 
reveal superlattice peaks for all the as-deposited samples, 
down to a bilayer thickness of A=24 A (with a 4 A layer of 
magnetic component), indicating a well-defined composi¬ 
tional modulation along the growth direction. The corre¬ 
sponding high-angle x-ray diffraction and electron diffrac¬ 
tion for these samples show that the multilayer films have 
coherent interfaces and a highly textured structure with (111) 
orientations normal to the film plane. Figure 1 shows the 
high-angle x-ray diffraction patterns for a multilayer with 
f NlFe =20 A at different annealing temperatures. Highly tex¬ 
tured Ag(lll) and NiFe(lll) structures can be seen in the 
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FIG. 1. High-angle x-ray data for the samples with form glass/(Ag20 
A/Ni 81 Fei 9 20 A)3</Ag20 A, as-deposited and annealed at 320 °C, 375 °C, 
and 400 °C for 10 min. 

annealed samples. As illustrated in Fig. 1, superlattice coher¬ 
ence persists for samples annealed up to 400 °C. Further an¬ 
nealing above 450 °C, however, dissolved the superlattice 
structures, as shown by the disappearance of the satellite 
peaks around the two primary Bragg peaks, indicating sig¬ 
nificant interdiffusion during annealing. Similar structural 
changes in annealing, found from high-angle x-ray diffrac¬ 
tion, were observed for all the NiFe thicknesses studied here. 
However, low-angle x-ray reflectivity data show that, except 
for very thin NiFe layers (4-6 A), the compositionally 
modulated layer structures persist, even after annealing at 
450 °C, indicating a well-spaced discontinuous multilayer 
structure. The average NiFe grain sizes, D, corresponding to 
different f NiFe , estimated from the high-angle diffraction 
peak width, range from 60 to 250 A for samples annealed at 
450 °C, as shown in Table I. As the annealing temperature is 
increased, the high-angle NiFe (111) x-ray peak intensity in¬ 
creases and becomes sharper, indicating the growth of NiFe 
particles. 7 

For a wide range of NiFe thicknesses (4-20 A) and Ag 
spacer 20 A, the as-deposited multilayers show no GMR at 
room temperature. However, large MR was found for 
samples annealed between 300 and 450 °C at both 4.2 and 
300 K. Data obtained at 4.2 K are shown in Table I. For the 
samples with ultrathin NiFe layers (~4-6 A), which is con¬ 
sidered as granular in nature, GMR as large as 30% was 



T (K) 


FIG. 2. Temperature dependencies of (a) A p/p and (b) saturation field H s 
for three Ni 81 Fe 19 samples with layer thicknesses, as indicated. 


found in the samples annealed at 300 °C with a saturation 
field generally less than those observed in cosputtered granu¬ 
lar films of similar compositions. 3,4 As r NiFc increases to 20 
A, a substantial decrease of the GMR is observed. This result 
is expected, since for high NiFe concentrations, the surface 
to volume ratio decreases, thereby reducing the interfacial 
spin-dependent electron scattering. 11 However, the saturation 
field is greatly reduced as the magnetic layer thickness is 
increased. Similar behavior was found for samples annealed 
at 450 °C, except that the values of the GMR and H s arc 
lower, due to the growth of magnetic precipitates. 

An important aspect of increasing f NlFc is the improve¬ 
ment of the magnetic thermal stability. Figure 2 shows the 
temperature dependence of GMR and H s . Cooling the 
samples down from 300 K to 4.2 K increased A p/p by a 
factor of 7 for the sample with fN>Fe = 4 A, but only by a 
factor of 2 for the sample with f NiFe =20 A. Interestingly, the 
MR values for these samples are comparable at 300 K. The 
saturation fields show behavior similar to those of GMR. A 
large increase of H s for thinner NiFe samples are seen at 
temperatures below 50 K, compared to a relatively fiat varia¬ 
tion for the thickest NiFe sample. The strong temperature 
dependences of the GMR parameters for the samples with 
ultrathin NiFe layers were shown to be related to the super- 
paramagnetic properties of the small magnetic precipitates. 9 


TABLE I. Dependence of magnetoresistance parameters on r NlFc for samples annealed at 300 °C and 450 °C, data obtained at 4.2 K. po and p s are the 
resistivities at H =0 and H=H S , respectively. 


Sample 


300 °C 





450 °C 




Po 

Ap 

A p/Ps 

H s 

Po 

Ap 

A p/ps 

Hs 

D 

(A) 

(/tO cm) 

(/Ltflcm) 

(%) 

(Oe) 

(pfl cm) 

(fii l cm) 

(%) 

(Oe) 

(A) 

4 

9.94 

2.30 

30.0 

2000 

5.95 

0.945 

18.8 

1400 

60.0 

6 

9.93 

1.98 

25.0 

1700 

5.76 

0.630 

12.3 

1150 

80.0 

8 





5.49 

0.59 

12.0 

1050 

95.0 

20 

10.93 

0.296 

2.8 

50 





250.0 
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FIG. 3. Room temperature magnetoresistance for multilayers with the form 
SiO 2 /Nb50 A/Ag20 A/NiFeCo20 A(Ag40 A/NiFeCo20 AyAg20 A/NblOO 
A, in different heat-treatment states, as indicated. The curves show one-half 
of the MR vs H cycle. 


IV. LOW-FIELD GMR STRUCTURE 

Although large GMR values have already been obtained 
in a variety of multilayers and granular alloys, the magnetic 
fields required are usually large. In a multilayer structure, 
low saturation fields are possible by choosing a structure 
with small antiferromagnetic coupling. 12 A recent report has 
shown that very low field GMR is obtained in an annealed 
NiFe/Ag multilayer structure, with a typical magnetic layer 
thickness of 20 A . 5 The large value of the magnetoresistive 
sensitivity, over 0.8%/Oe, was ascribed to the balance of 
magnetostatic and local antiferromagnetic interaction be¬ 
tween the plate-like islands in the annealed layer structures. 
We have prepared similar structures by substituting the mag¬ 
netic component by a magnetically soft Ni 66 Fe 16 Co lg alloy. 
Figure 3 shows the room temperature magnetoresistance data 
for multilayer with form SiO 2 /Nb50 A/Ag20 A/NiFeCo20 A 
(Ag40 A/NiFeCo20 A)J Ag20 A/NblOO A, at a different an¬ 
nealing temperature. No GMR was found for the as- 
deposited sample, while significant GMR was observed after 
annealing the samples between 300 °C and 400 °C. Values of 
Aft//? =4% and (dRldH)/R= 0.35%/Oe were obtained for 
the sample annealed at 325 °C. It appears that the large in¬ 
crease in A ft/ft is dominated by the increase of A ft, as the 
sheet resistances generally decrease by only 10%-15% after 
annealing. We also note that the MR parameters, particularly 
the saturation field are extremely sensitive to the annealing 
temperature. As a consequence, the annealing temperature 
needed for maximum sensitivity was found to lie within a 
very narrow window of a few degrees around 325 °C for this 
particular structure. 

Finally, the magnetization hysteresis was studied using a 
MOKE magnetometer. Figure 4 shows the room temperature 
MOKE hysteresis loops for the same samples indicated in 
Fig. 3. A typical ferromagnetic characteristic is seen for the 
as-deposited sample with relatively small Kerr intensity. 
Upon annealing at a moderate temperature below 370 °C, the 



FIG. 4. Magneto-optic Kerr effect (MOKE) measurements for the samples 
shown in Fig. 3, (a) as-deposited, and annealed for 10 min at (b) 325 °C, (c) 
350 °C, and (d) 360 °C. 

hysteresis loop gradually tilts and the remanence magnetiza¬ 
tion decreases, suggesting the formation of a fractional anti¬ 
ferromagnetic spin configuration. Annealing above 370 °C 
increases both the remanence and the coercivity; correspond¬ 
ingly, the GMR sensitivity decreases. Although a small in¬ 
plane anisotropy was found in the as-deposited sample, the 
hysteresis loop difference of the in-plane magnetic easy and 
hard axes vanishes after annealing above 300 “C. Therefore, 
one could conjecture that under a minimum in-plane anisot¬ 
ropy, low-field GMR and high sensitivity are promoted as the 
results of the balance of magnetostatic interaction and local 
antiferromagnetic coupling. 5 
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Magnetoresistance in (Fe-Co)/Ag films 

A. Tsoukatos, a) D. V. Dimitrov, A. S. Murthy, and G. C. Hadjipanayis 

Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716-2570 

The structural and magnetotransport properties of (Fe > ,Co ! _ > ,) 10 o-^Ag^ films were studied as a 
function of composition. Giant magnetoresistance (GMR) values were measured in these granular 
films, with the best GMR obtained for the composition (Fe 0 3 3 Co 067 ) 2 7 Ag 7 3 , with values of 29% at 
30 K and 11.7% at 300 K. XRD and TEM results have shown a fee crystal structure with a relatively 
homogeneous microstructure. Magnetic data for the samples with the best GMR indicate a 
superparamagnetic behavior. The narrow peak in thermomagnetic data and low blocking 
temperature suggest a small and uniform size distribution of magnetic granules. A summary of the 
electrical transport properties is presented, in relation to the structural, microstructural, and magnetic 
properties. 


I. INTRODUCTION 

Giant magnetoresistance has been recently observed in 
transition metal multilayers, 1 composite films, 2,3 and in bro¬ 
ken multilayers. 4 The origin of GMR is attributed to spin- 
dependent scattering at the interfaces between magnetic and 
nonmagnetic regions. 5 " 7 The highest GMR, of the order of 
150%, was observed in multilayers, 8 but the highest sensitiv¬ 
ity, about 1.2%/Oe, was found in broken multilayers. 4 Both 
of these systems require very stringent preparation tech¬ 
niques, which make them difficult to be used for practical 
applications. On the other hand, granular films are much 
easier to prepare, but the studies, to date, showed low sensi¬ 
tivity and high saturation fields. This study was performed in 
an effort to improve the sensitivity and lower the saturation 
field in (Fe-Co)/Ag films by investigating the dependence of 
these parameters on the composition, structure, size, and 
density of magnetic granules. 

II. EXPERIMENTAL PROCEDURES 

(Fe > ,Co 1 _ )1 ) 100 _. t Ag l granular films with y =0-0.4 and 
x =30-80 were prepared using magnetron sputtering from 
Fe-Co and Ag targets on water cooled substrates. Carbon 
coated copper grids, A1 foils, kapton, and glass were used as 
substrates. The predeposition pressure was 3X10" 8 Torr, and 
sputtering was done in a 5 mTorr Ar pressure. X-ray diffrac¬ 
tion (XRD) and transmission electron microscope (TEM) 
studies were used to determine the crystal structure and mi¬ 
crostructure of the samples. A SQUID magne¬ 
tometer, with a maximum applied field of 55 kOe, was used 
for the magnetic and the electrical transport measurements in 
the temperature range of 10-300 K. The four-probe tech¬ 
nique with the field parallel to both the current and the film 
surface was used for the GMR measurements. 

III. RESULTS AND DISCUSSION 

The XRD (Fig. 1) and TEM results (Fig. 2) have shown 
a fee crystal structure with uniform microstructure (grain size 


a, Prcsent address: Center for Materials Research and Analysis, 112 Brace 
Lab, University of Nebraska, PO. Box 880113, Lincoln, NE 64588-0113. 


ranging from 5 to 50 nm), irrespective of the Ag or Fe-Co 
relative composition. All the observed selected area diffrac¬ 
tion (SAD) reflections were solely due to Ag. The absence of 
diffraction rings characteristic of elemental Fe or Co or some 
FeCo structure is reminiscent of Co(Fe)/Ag granular films. In 
the latter system, 9 the absence of Co(Fe) reflections was at¬ 
tributed to the very small size of Co(Fe) granules (1 nm), 
which were observed only when high resolution TEM was 
used. 

The dependence of GMR values on composition in (Fe- 
Co)/Ag is shown in Fig. 3. It is seen that for a fixed ratio 
between Fe and Co (y), the GMR values form a well-defined 
bell-shaped curve. All these curves show maxima that lie in 
the region of 65%-70% Ag. The magnitude of GMR drops 
significantly when the magnetic content becomes 50%, 
which corresponds to the theoretical estimation for the per¬ 
colation point of granular solids. 10 For the samples with a 
small percent of magnetic material (less than 20%), the den¬ 
sity of magnetic granules is small, giving rise to a small 
scattering surface area and a large separation between the 
granules, leading to small GMR values. Figure 3 also shows 
that the GMR values for Fe-Co/Ag films are consistently 
lower than those of the Co/Ag films prepared under identical 
conditions. However, for y=0.33 and .t-0.73, comparable 
values were observed, with a maximum {[R(H)-R(0)]/ 
R(0)} of 29% at 30 K and 11.7% at 300 K. The prominent 
feature of all Fe-Co/Ag samples was the lower magnetic 


i 30(1 ; 

X 

7 *3U0; 


o-m---' 

Tj U> 13 30 

\njjHDc»sieoj 

FIG. I X-ray diffraction patterns of samples with different Fe-Co content. 
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(b) 


FIG. 2. (a) BF micrograph showing a fine uniform microstructure, (b) cor¬ 
responding SAD pattern showing only the Ag rings. 

fields required for the saturation of magnetoresistance, which 
results in sharper GMR (H) peaks compared to their Co/Ag 
counterparts. This point is clearly demonstrated in Fig. 4. 

The GMR vs H curves taken for samples with different 
magnetic content (Fig. 5) show that for a small amount of the 
magnetic material, the magnitude of GMR smoothly in¬ 
creases with increasing field. For samples with a magnetic 
content of about 30%, it is seen that the magnetoresistance 
increases and the curve appears to have a peak at around 
H- 0. The magnitude of the peak becomes smaller, and the 



FIG. 4. Field dependence of GMR at 30 K. 


slope of the curve decreases with a further increase of the 
magnetic content. The peak vanishes for the sample with 
63% magnetic content. Magnetization curves (Fig. 6) taken 
on the samples with the best GMR, at different temperatures, 
show small coercivity (100 Oe at 20 K and a negligible value 
at 300 K) and lack of saturation, even for fields up to 55 kOe 
[the magnetization curve at 300 K seems to achieve satura¬ 
tion, because ct the higher signal from the diamagnetic sub¬ 
strate (kapton)]. These results are indicative of the superpara- 
magnetic behavior of the samples, having a small grain size. 
A notable feature here, however, is that although the magne¬ 
tization does not show complete saturation, the magnetiza¬ 
tion at 10 kOe is 95% of the magnetization at 55 kOe. This is 
in contrast to the Co/Ag samples with the same percentage of 
magnetic material, which never approached saturation, even 
for fields as high as 55 kOe. 11 

The thermomagnetic data for the samples showing the 
highest GMR values (Fig. 7) confirm their superparamag- 
netic behavior. The low blocking temperature, of the order of 
25 K, is suggestive of a very small size of the magnetic 
particles, which is consistent with the absence of SAD re¬ 
flections and XRD peaks. The narrow peak is indicative of 
the uniform size distribution of magnetic particles. 

IV. CONCLUSIONS 

We observed high values of GMR in Fe-Co/Ag granular 
films with values of 29% at 30 K and 11.7% at 300 K. The 
GMR saturating fields are lower than those in Co/Ag. The 
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FIG. 6. Magnetization curves and hysteresis loops for (Fc 033 Co 0 (, 7 ) 27 Ag 73 . 


origin of GMR in these structures seems to be due to the 
spin-dependent scattering from the surfaces of the Fe-Co 
clusters. The percentage of the magnetic content and relative 
Fe and Co composition play a significant role in the magni¬ 
tude of GMR and the saturation field. 



FIG. 7. Thermomagnetic data of (Fe 0 33 Co 0 67 ) 27 Ag 7 3 on an applied field of 
50 Oe. 
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In this paper AgNiFe alloy films were examined both before and after annealing. Characterization 
of the samples and examination of interaction effects was carried out by measuring the temperature 
decay of remanence, initial susceptibility, and magnetoresistance. The temperature decay of 
remanence reveals that annealing widens the distribution of energy barriers, which is indicative of 
grain growth. The behavior of the initial susceptibility as a function of temperature is analogous to 
that found in spin glasses. From these measurements, it is believed that interaction effects in these 
systems are small. 


I. INTRODUCTION 

Recently, there has been a growing interest in giant mag¬ 
netoresistance (GMR) materials, which are being considered 
for applications such as sensors and read/write heads in re¬ 
cording systems. Materials that exhibit GMR may be multi¬ 
layers or alloys. In granular alloy films such as AgNiFe, the 
giant magnetoresistance arises from spin-dependent electron 
scattering within and at the boundaries of the grains con¬ 
tained within the Ag matrix. The size of these precipitates 
and the interactions between them affects the orientation of 
the spins, and hence the magnitude of the magnetoresistance. 

In disordered magnetic materials, the first step in their 
characterization is the measurement of the energy barrier dis¬ 
tribution. This measurement is made by cooling the sample 
in the zero field to the lowest temperature, where all the 
moments are blocked and unable to fluctuate over their en¬ 
ergy barriers (A E). Then the saturation remanence of the 
magnetic compound is measured as a function of tempera¬ 
ture, this variation is given by 1 

M r (T) = M r (0) f” f(y)dy, (1) 

•Gent 

where M r =M r /M s is the reduced remanence relative to the 
saturation magnetization of the system, y = AE/AE is the 
reduced energy barrier relative to the average barrier A E and 
f(y) is the distribution function of reduced energy barriers, 
which, in this formalism we assume to be independent of T. 
y cn , is the reduced ciitical barrier above which the moments 
are unable to fluctuate on a given time scale. Using this 
criterion of the critical barrier, y cn , is given by 

AE CI ,t T 

ycrit —-=:: — > (2) 

A E T b 

where A£ cn ,=&r ln(t m / 0 ), t m is the measuring time and f 0 
is a frequency factor associated with these fluctuations. T B is 
the average blocking temperature of the system, at which 
fluctuations are taking place over the average barrier. Ac¬ 
cording to Eq. (1), the differential of the temperature decay 
of remanence curve shows directly the distribution of energy 
barriers/(AE/AE) ■ f(T B /T B ). 


A second useful measurement is the variation of initial 
susceptibility with temperature. For a zero field cooled pro¬ 
cess this behavior is well known and gives a peak at a tem¬ 
perature T=T g . 2 If the distribution of energy barriers origi¬ 
nates from a distribution of precipitate sizes, then well above 
T g and over a limited range of temperature, the initial sus¬ 
ceptibility, x, is given by 3 

bC 0 

X,(T)=-=rpf-, (3) 

where 7otot = 7oBi - 7oi > s the total ordering temperature over 
that limited range of temperature. T 0i represents the contri¬ 
bution of interactions to T (UnX and 7 0 Bl = yT„ cff represents 
the correction for the blocking effects that arise, due to the 
fact that there is a distribution of blocking temperatures. 
Equation (3) was derived by fitting the tail of the distribution 
function to /(y) = ay~ 3 in the limited range of temperature 
examined, where y=alb and b=exp(-c^/2) and a y is the 
standard deviation of/(y), since a lognormal distribution of 
energy barriers is assumed. 

According to this analysis of the temperature variation of 
the initial susceptibility, and with the help of the energy bar¬ 
rier distribution data obtained via the decay of remanence 
measurement, the interaction effects in the AgNiFe alloy 
films can be examined. 

II. EXPERIMENT 

The films examined consisted of silver, which formed 
the bulk of the material, together with nickel and iron, the 
ferromagnetic components that form precipitates in the silver 
matrix. The size of these grains, and hence the GMR, may be 
controlled after deposition by annealing of the film, which 
causes growth of the grains. 

The films were produced by rf sputtering onto glass sub¬ 
strates in 8 mTorr argon pressure from a base pressure of 
better than 2X 10~ 7 Torr. The films were between 200-300 
nm thick and the deposition time was 1 min. The film com¬ 
positions were varied by changing the configuration of the 
sputtering target. Films were generally 78±5 atomic percent 
silver, with the rest consisting of nickel and iron in a range of 
proportions. Annealing was carried out at three different tem¬ 
peratures: 600 °C, 650 °C, and 750 °C under vacuum, using 
halogen bulbs as heaters. 
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Temperature (K) 


FIG. 1. Temperature decay of remanence data for the as-deposited and 
annealed films. 

Magnetic measurements were made with a PAR4500 
VSM. Measurements of the initial susceptibility were made 
after zero field cooling using applied fields of ±50 Oe over a 
temperature range from room temperature to 4 K. The 
samples were cooled in zero field. Further susceptibility 
measurements were made at T> T g while cooling the sample 
in a 50 Oe field. Temperature decay of remanence measure¬ 
ment 0 were made over the same temperature range, measure¬ 
ments of the remanence were made after saturating in a ± 1.2 
T field. Magnetoresistance was measured using a four point 
probe. 

ill. RESULTS A?'D DISCUSSION 

Figure 1 shows the measured temperature decay of re¬ 
manence curves for two films of composition 78.9% Ag, 
11.3% Fe, and 9.7% Ni before and after annealing at 650 °C. 
We see that the value of A/ r (0) can be extrapolated to 0.5, 
i.e., the Stoner-Wolfarth value for a system with randomly 
oriented easy axes. 4 Analysis of this data according to Eq. (1) 
gives the energy barrier distribution. Figure 2 shows the dis¬ 
tribution of energy barriers or the distribution of blocking 
temperatures obtained from the decay of remanence curves. 



Temperature (K) 

FIG. 3. Initial susceptibility, Xi . for as-deposited and annealed samples after 
cooling in zero and 50 Oe fields. 


The energy barrier distribution for the as-deposited sample 
shows that there is some degree of bimodality that disappears 
when the sample is annealed. The data also shows that the 
distribution becomes broader after annealing, which may be 
due to precipitate growth arising from coagulation of neigh¬ 
boring precipitates or alloying. The analysis of the decay of 
the remanence curve for the annealed sample gives a value of 
f B =10 K and a y = 1.3, however, it is difficult to fit the curve 
for the as-deposited sample, since a bimodal distribution is 
present. 

Figure 3 shows the temperature variation of reduced ini¬ 
tial susceptibility: ^,(7) = x,(T)/M s (T), where M ; (T) is the 
saturation magnetization. Curves are shown for cooling in 
the zero applied field and cooling in a 50 Oe field. The 
samples exhibit typical spin-glass behavior. From the figure, 
the values of initial susceptibility for the annealed sample are 
larger than those of the as-deposited sample, and also the 
position of the peak in the zero field cooled curve is shifted 
to a higher temperature. This behavior can be attributed to 



FIG. 2. The energy barrier distributions, /(y cnt ), for the as-deposited and 
annealed films. 
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FIG. 5. Comparison of d(kp)ldH and d(\M 2 )ldH for the annealed and 
as-deposited films. 

the fact that the precipitates are larger in the annealed 
sample. 

Analysis of xF 1 versus temperature for the annealed 
sample according to Eq. (3) gives a total ordering tempera¬ 
ture of r 0to ,=-50 K. Using the data for the energy barrier 
distribution obtained for this sample, we calculate a value for 
r 0Bi of -55 K. Subtracting this from T 0lol gives a value for 
T 0l of 5 K that arises due to interaction effects. This value of 
T 0 , indicates that the interaction effects in this sample are 
small. 

Figure 4 shows the GMR curves measured at room tem¬ 
perature before and after annealing. We see that the GMR 
effects in the annealed sample with the larger precipitates are 
greater than in the as-deposited film, and Ap increases from 
1.3% to 4.;% as the sample is annealed to 650 °C. 

Since neither samples exhibit remanence or coercivity at 
room temperature, we may compare the field dependence of 
A p(ff) and A M 2 (H), where AM 2 =[M(«>)-M(H)] 2 . This 
comparison is based on the model of Gittleman et al .; 5 de¬ 
scribing the relationship between the magnetoresistance and 
the magnetization of the system. Figure 5 shows the rate of 


change of Ap(H) and A M 2 (H) for both samples examined. 
The data clearly shows that the rate of change of A p{H) is 
greater for the annealed sample. This data also shows that for 
the as-deposited sample, the variation of d[Ap(H)]/dH and 
d[AM 2 (H)]/dH is similar, whereas for the annealed sample 
the d [ Ap(H)]/dH curve deviates from the d[AM 2 (H)]/dH 
curve; this is particularly apparent at low fields. This result 
can be explained in terms of recent calculations, 6 in which, 
due to interaction effects, the A p(H) curve does not follow 
the A M 2 (H) curve at low fields. This is because the magne¬ 
toresistance is influenced by the short range correlation be¬ 
tween neighboring precipitates, whereas the behavior of 
AM 2 is an average over the whole system. The data for the 
annealed sample shown in Fig. 5 shows that the deviation of 
the d[Ap(H)]/dH curve from the d[AM 2 (H)]/dH curve is 
not large, which again suggests that interaction effects are 
small in this sample. This result is consistent with the mag¬ 
nitude of the ordering temperature T 0 ,=5 K, obtained from 
the initial susceptibility data. 

IV. CONCLUSIONS 

In this paper, a method of examining and characterizing 
interaction effects has been presented. The temperature de¬ 
cay of remanence is found to give useful information about 
the energy barrier distribution that can be used to examine 
interaction effects, in conjunction with initial susceptibility 
measurements. From the examination of the initial suscepti¬ 
bility data and a comparison of the resistivity and magneti¬ 
zation curves of the annealed sample, the effects of interac¬ 
tions are found to be small. These effects are believed to play 
a significant role in the increase in the GMR effect as the 
sample is annealed. 
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Nonferromagnetic atoms present at Ni/Cu and Permalloy/Cu interfaces in sputtered spin valve 
magnetoresistive layered structures have been shown to cause reduced magnetoresistance. Heie we 
show that a model in which the moments on the Ni atoms in the interfacial region of N> 'Cu are 
reduced substantially by interdiffusion with Cu is consistent with the experimental results. In 
contrast, we believe that moments persist at the permalloy/Cu interface, which first principle total 
energy calculations suggest will be disordered at finite temperatures. These reduced or disordered 
moments are expected to significantly reduce the GMR. 


I. INTRODUCTION 

It is clear from experiments 1 ' 4 that an understanding of 
the chemical, physical, and magnetic structure of the inter¬ 
faces in magnetic multilayers is an important part of under¬ 
standing the giant magnetoresistance (GMR) effect in these 
systems. Here we report on experiments and calculations 
aimed at elucidating the magnetic structure of these inter¬ 
faces. 

For some time, the moment as a function of the total 
amount of magnetic material deposited in Cu/Permalloy/Cu 
and Cu/Ni/Cu sandwiches, as well as Ni/Cu and 
Permalloy/Cu and other spin valves, has been measured, 1-3,5 
and the moment found to be less than expected froit the 
amount of Ni and Fe deposited. In particular, for nickel 
thicknesses less than T n{ (thickness nonferromagnetic) no 
moment was observed, but with a further increase in thick¬ 
ness, the moment increased linearly with a slope given by the 
bulk magnetization. This showed that a nonmagnetic region 
is formed at the interface, and that away from the interface 
relatively undisturbed ferromagnetic material is present. The 
thickness T nf corresponded to roughly one atomic layer of 
Ni 08 Fe 0 .2 per interface for the “as deposited” sample and 
increased to approximately four atomic layers after annealing 
at 320 °C. For Ni/Cu, the missing moment was equivalent to 
approximately 2.5 atomic layers of bulk Ni. A direct corre¬ 
lation of Tnf with loss in GMR was observed, and was inter¬ 
preted as arising from spin-independent scattering caused by 
the nonferromagnetic atoms near the interface. This scatter¬ 
ing reduces the number of majority carrier electrons that can 
traverse the interface unhindered and penetrate into the fer¬ 
romagnetic layer. 1,3,5 

The need to understand the magnetic structure of GMR 
interfaces takes on added importance in light of experiments 
in which atoms of third elements added to the interface 
greatly modify the GMR amplitude; 6 in particular, small 
amounts of Co at the Permalloy/Cu interface greatly increase 
the GMR effect. 4 Also, first principles calculations 7 predict 
an extremely large GMR effect for multilayer systems, such 
as Permalloy/Cu/Permalloy or Co/Cu/Co. This large calcu¬ 
lated GMR arises, because the majority spin potentials (and 


majority d -wave phase shifts) of fee Ni, Fe, and Co are all 
similar and close to that of Cu. As a consequence of this 
matching of potentials, interfaces in these materials that have 
no imperfections other than a substitutional intermixing of 
the constituent atoms are predicted to scatter majority spin 
electrons only weakly, whereas the scattering of the minority 
spin electrons at the interfaces (and in the bulk for Permal¬ 
loy) is predicted to be very strong. The GMR arises in part 
because these majority carriers that carry most of the current 
do not scatter strongly at either interface for the case of fer¬ 
romagnetic layer alignment, but scatter strongly off of one of 
the interfaces in the antiferromagnetic case. Another contri¬ 
bution to the GMR arises because of the difference in ferro- 
magnet spin up and spin down mean-free paths, so that ma¬ 
jority carriers that traverse the interface unhindered can 
travel a large distance before scattering, but minority carriers 
continue ‘o be strongly scattered throughout the ferromag¬ 
netic layei 8 In this paper, we attempt to present a coherent 
picture of the disorder present at the Cu/Ni and Cu/ 
Permalloy interfaces and its effect on the GMR amplitude. 

II. DIFFUSION MODEL OF NI/CU CONCENTRATION 
PROFILES 

Ni differs from Fe and Co, in that it loses its moment as 
a substitutional impurity in Cu. At low temperature, the solid 
solution moment per atom is observed both experimentally 9 
and theoretically 10 to decrease from its value of 0.6p B in 
pure Ni at about 1 fi B per atomic fraction Cu. This decrease is 
due both to the dilution of Ni by Cu and to the decrease of 
the Ni moment, which vanishes at around 60% Cu. At room 
temperature the moment decreases faster, vanishing at about 
30% Cu. 

We shall investigate a model in which Cu atoms migrate 
into the magnetic layer, where they reduce the nearby mo¬ 
ments. To model interfaces with different amounts of inter¬ 
mixing, and to make connection to the annealing data, we 
consider initially abrupt interfaces that we allow to interdif- 
fuse for increasing amounts of time, resulting in more inter¬ 
mixing. For Ni/Cu, the atoms are of similar size, and the 
equilibrium phase above 322 °C is a slightly clustering solid 
solution. Therefore, it is reasonable to assume that hopping 
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probabilities are species independent. Thus, the concentra¬ 
tion on a layer should obey a one-dimensional diffusion 
equation of the form 


dc k I 1 \ 

— = cr D l -c k + - (c t n + c t _i)l. 


( 1 ) 


where c k is the concentration of Cu on the &th plane and a D 
is the number of out of plane jumps per second per site. This 
equation is easily solved in terms of the dimensionless time, 
r=cr 0 f, for an initially perfect periodic multilayer consisting 
of n Cu planes of Cu followed by « Nl planes of Ni. Unfortu¬ 
nately a D is not available, and since the experimental depo¬ 
sition and annealing includes several successive tempera¬ 
tures, the mapping from r to t is not even linear. However, 
the mapping should be independent of n Cu and n Nl . This 
allows us to qualitatively compare our calculated loss in mo¬ 
ment and interfacial width with those obtained from magne- 
tometry and x-ray reflectance. 11 Specifically, we calculate the 
concentration profile c^r) as a function of r for a periodic 
structure initially consisting of 25 [111] planes of Cu fol¬ 
lowed by h Ni planes of Ni. As r increases, mixing occurs and 
the concentration profile evolves. 

We are interested in fee [111] layers, where each atom 
has six neighbors in its plane and three neighbors in each of 
the two neighboring planes. To obtain a rough picture of the 
dependence of the moment on the tl ickness of the Ni layer, 
n Ni , we approximate the moment on a Ni atom by the aver¬ 
age Ni moment in a random alloy, with the same average 
number of Ni nearest neighbors as the Ni atom under con¬ 
sideration. With this assumption, the total moment can be 
determined as a function of intermixing, calculated from Eq. 
(1) for different numbers of Ni planes. In Fig. 1(a), we show 
the total moment per unit cell of a multilayer consisting of 25 
Cu plains followed by « N| planes calculated as a function of 
t using the room temperature data for the moment as a func¬ 
tion of concentration. 

These results show that, depending on r (i.e., intermix¬ 
ing), when only a few Ni layers are present, there is no 
moment, but that as Ni layers are added, a point is reached 
when the moment appears; the moment then increases almost 
linearly. In Fig. 1(b), the net moment versus the number of 
Ni layers is plotted for r= 5, along with room temperature 
(RT) measurements. The value, r= 5, was chosen to give the 
best agreement with the measurements. Based on this quali¬ 
tative agreement with experiment, we propose that our 
simple diffusion model provides a plausible description of 
the concentration profile, and may be the explanation for the 
missing moment at Cu/Ni interfaces. The intermixed region 
is predicted to be somewhat larger than the number of layers 
corresponding to the missing moment, in general agreement 
with x-ray measurements. 11 


III. PERMALLOY/CU INTERFACES 

In the case of Permalloy (Fe 0 2 Ni 0 8 )/Cu interfaces, the 
situation is more complicated. Fe, which contributes as much 
to the total moment of Permalloy as Ni, is unlikely to have 
its moment reduced by mixing at the interface, since the 
moment of an Fe atom as an impurity in Cu is greater than 



FIG. 1. (a) The total spin magnetic moment as calculated in the model is 
shown as a function of r for various n Nl . The number of Ni planes goes 
from 2 in the lower left corner to 20 at the top. (b) Magnetization (expressed 
in terms of an equivalent number of planes with bulk moments) vs the 
number of planes deposited. Calculated and experimental results are shown 
for Cu/Ni/Cu sandwiches. 


that of an Fe atom in bulk Fe. This picture is confirmed by 
our calculation of the moments in Permalloy/Cu/Permalloy 
sandwiches with interfacial mixing, as shown in Table I. We 
find that the moment on Fe actually increases slightly for 
atoms in the nominally Cu layer, while the Ni moment de¬ 
creases. Thus, although it may be possible to model the miss¬ 
ing moment at Permalloy/Cu interfaces similarly to our treat¬ 
ment of the Ni/Cu interfaces, an alternative or additional 
explanation for the missing moment at Permalloy/Cu inter- 


TABLE I. Calculated moments on Ni and Fe near Permalloy Cu interfaces. 
It is assumed that three layers have interdiffused with a simple linear diffu¬ 
sion profile. 


Layer No. 

%Ni 

%Fc 

%Cu 

Ni moment 

Fe moment (y* B ) 

1 

80 

20 

0 

0.521 

2.897 

2 

80 

20 

0 

0.478 

2.895 

3 

60 

15 

25 

0.395 

2.914 

4 

40 

10 

50 

0.326 

2.935 

5 

20 

5 

75 

0.242 

2.943 
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TABLE II. Calculated energy differences and moments for ferromagnetic and disordered-local-moment Per¬ 
malloy and Permalloy 0.5Cu0.5. 


System 

Relative energy (mHa) 

Ni moment (/ i B ) 

Fe moment (/i B ) 

Ferromagnetic Ni0.8Fe0.2 

0.00 

0.570 

2 59 

Disordered local moment Ni0.8Fe0.2 

1.70 

0.050 

2.55 

Ferromagnetic Ni0.4Fe0.1Cu0.5 

0.00 

0.292 

2.54 

Disordered local moment Ni0.4Fe0.1Cu0.5 

0.33 

0.023 

2.51 


faces is that as an Fe atom becomes increasingly surrounded 
by Cu and very weakly magnetic Ni, its moment becomes 
increasingly decoupled from the moments of its neighboring 
magnetic atoms, i.e., the exchange interaction is substantially 
weakened and the spins disorder. 

In order to test this hypothesis, we calculate the total 
energy of Ni, Permalloy, and a hypothetical Permalloy-Cu 
alloy, both in the ferromagnetic state and in a state with 
disordered local moments . 12 These calculations provide a 
rough idea of the relative energy cost for disordering the 
moments in the presence of the exchange coupling, which 
attempts to align them ferromagnetically. These calculations 
were performed using the local density approximation and 
the layer Korringa-Kohn-Rostoker coherent potential ap¬ 
proximation technique . 13 Details of the calculations will be 
published elsewhere. 

For bulk Permalloy, we find (Table II) that the ferromag¬ 
netic state is stable with respect to a state in which the mo¬ 
ments are completely disordered by 1.7 mHa (1 mHa 
=0.0272 eV or 1 mHa/k fl =316 K). For a hypothetical 
Permalloy-Cu alloy, such as might form at the interface be¬ 
tween Permalloy and Cu, we find that the exchange forces 
holding the moments in ferromagnetic alignment are much 
weaker. The energy difference (=5 mHa^lOO K) between 
the ferromagnetic state and the disordered local moment 
state is smaller by a factor of 5 for the alloy. 

It is unlikely that a sharp ferromagnetic transition will be 
observed from any disordered moments near the interfaces, 
since we expect that in most samples there will be a con¬ 
tinuum of environments and local concentrations. We expect 
that even at zero temperature these very small exchange 
forces may be overcome by local perturbations due to 
strains, local fluctuations in concentration, crystal fields, etc. 
This is consistent with the temperature variation of T af ob¬ 
served for annealed Permalloy/Cu spin valves, where only 
about 10% of the moment lost at RT was recovered when 
cooling to 4 K . 3 The presence of disordered local moments 
and of decreased local moments near the interface is ex¬ 
pected to cause a large reduction in the GMR effect, because 
it spoils the very close matching between the majority spin 
potentials and leads to greatly increased scattering. 

The increased GMR observed 4 when Co is added to the 
Perinalloy/Cu interface may also be explained in terms of the 
reduction of disorder in the moments at the interface. Since 
cobalt and Cu are mutually insoluble below 500 °C, cobalt 
may impede the mixing of the Permalloy and Cu near the 


interface. Probably more important, however, is the ability of 
cobalt to maintain its ferromagnetic alignment, even in the 
presence of dilution by Cu. To test this idea, we performed 
total energy calculations for an equiconcentration fee 
cobalt-Cu alloy in its ferromagnetic state and in the disor¬ 
dered local moment state. The ferromagnetic state was more 
stable by 2.1 mHa. Thus, we predict that the ferromagnetic 
exchange interaction in fee cobalt, even when diluted by 
50% Cu, is stronger than in Permalloy with no dilution. 
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Theory of transport in inhomogeneous systems and application 
to magnetic multilayer systems 

W. H. Butler, X.-G. Zhang, and D. M. G. Nicholson 

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114 

J. M. MacLaren 

Department of Physics, Tulane University, New Orleans, Louisiana 70118 

A theory of the electrical conductivity of homogeneous random alloys based on the Korringa— 
Kohn—Rostoker coherent potential approximation (KKR-CPA) is generalized to treat an 
inhomogeneous alloy in which the concentrations of the constituent atoms can vary from site to site. 
A special case of such a system is an epitaxial multilayer system. We develop the theory for such 
systems and show how it can be implemented by using the layer Korringa—Kohn—Rostoker 
technique to calculate the electronic structure. Applications to magnetic multilayers and to the 
calculation of the giant magnetoresistance are discussed. 


I. INTRODUCTION 

Recently, there has been great interest in the transport 
properties of layered magnetic materials because of the dis¬ 
covery of a new form of magnetoresistance, 1 ’ 2 which may 
have important practical applications. The transport proper¬ 
ties of layered materials have been the subject of several 
theoretical investigations already. Fuchs, 3 and later 
Sondheimer, 4 obtained a solution to the semiclassical Boltz¬ 
mann equation with boundary conditions appropriate to a 
thin film. Barnas and co-workers 5 extended this approach to 
the case in which the film has several layers with differing 
scattering rates. Levy and co-workers 6-10 used the more rig¬ 
orous Kubo-Greenwood theory, 11,12 which avoids certain 
conceptual difficulties associated with the semiclassical ap¬ 
proach. The work described in this paper also starts from the 
Kubo-Greenwood linear response formula, but it is based on 
quantities calculable from first principles electronic structure 
theory. We do not assume that the scattering is weak or that 
the electron wave functions are those of free electrons. The 
only necessary inputs to our calculations are the atomic num¬ 
bers and concentrations of the atoms in each layer. 

Our approach is based on the Korringa-Kohn-Rostoker 
coherent potential theory for transport in homogeneous ran¬ 
dom alloys, 13 We first generalize this theory so that it can be 
applied to the case in which the concentrations of the con¬ 
stituent atoms can vary from site to site, then we treat the 
particular case of layered systems. Finally, we show how this 
theory can be implemented using the layer Korringa-Kohn- 
Rostoker technique. 14 


tential difference across the sample. For an inhomogeneous 
system, this may differ from the average applied field and it 
may be different for different spins. 8 

For a homogeneous random alloy, the current and ap¬ 
plied field can be assumed to be uniform, so that one can 
define a single conductivity that is also uniform, 
.7^= X ,&v - This is the conductivity that is given by the 
Kubo-Greenwood formula 11 ' 12 

^ ( a \Jn\ a ')( a '\jv\a)S{€ F -e a ) 

\ a,a' 

X8{e F -€ a i)\, (2) 

where is the current operator, (- ihelmf)dldr^ , ft is 

the volume per atom, and N is the number of atoms. The 
quantum states |a) in Eq. (2) represent the exact eigenfunc¬ 
tions of a particular configuration of the random potential, 
and the large angle brackets indicate an average over con¬ 
figurations. 

In order to define a nonlocal site-dependent conductivity, 
oJJ’jf, we define the current density at site i for spin s as the 
average of the current density over the atomic cell at that 
site,/'^ = ft, -1 /n, <fr7^(r). We also assume that the local 
field, £*(r), is constant over each atomic cell. Thus, we write 
Ohm’s law in a discrete form, in which the current at site i is 
related to the local electric field at site j through the two- 
point conductivity function, a' 1 , 


II. CONDUCTIVITY OF INHOMOGENEOUS ALLOYS 

We define the nonlocal conductivity o^„(r,r') as the lin¬ 
ear response of the current of electrons of spin s at point r in 
direction p to the local applied field at point r' in direction v, 

J S m .( r )= f dr'2 <„(r,r')£t(r'). (1) 

V 

Here, ‘’local applied field” means the change in the local 
electrostatic field that arises due to the application of a po- 


IV 

The superscript s on the local field indicates that it can be 
spin dependent, as has been emphasized by Camblong et al. 8 
The local field will be determined after the nonlocal conduc¬ 
tivity is determined by the requirement of current continuity 
in the steady state, dJ^^tdr t =Q. 

The intersite conductivity, is given by Eq. (2), with 
the matrix element integrals (a[/ M |a') and (a'\j t \a) restricted 
to sites i and j, respectively, and can be seen to depend on 
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the imaginary part of Green’s function, 2ja)(a|<5(e f —£„). It 
can be written in terms of the Green’s function, G(r,r';e F ), 
by writing 

0-^=7 2 (pp')^(e F +ivp,e F +ii}p'), (4) 

4 p,p'=± i 


We follow Ref. 13 to average the two particle Green’s 
function and obtain an expression for the conductivity of the 
form 



Am e 

7 Th 3 (l, , , 






(9) 


where 57 is infinitesimal, and where 


where the function S? is given by 


y^x,z 2 ) = -^ J n drdr' j fl (r)G s (r,r , ;z l )j l (r f ) 


XG s (r',r;z 2 ). 


(5) 


Following Ref. 13, we write Green’s function in terms of 
the scattering path operator of multiple scattering theory, 
t 1 [£, , and the local solution to the Schrddinger equation on 
site i, Z'i\ r,z), 


7 — G\ r,,r;)= 2 Z^r.K'.tZ'^rp + S.T. ( 6 ) 




2 <!ip 

L\L<j 


+2 2 

L, ka 




eki 




( 10 ) 


where the second term is the vertex correction, and M'^ l , is 
a particular average over the matrix elements for the various 
types of atoms that may occupy site i, 


M'>=2 c?D ia M ,atl D ia . (11) 

a 


The scattering path operator r is a “representation” of 
Green’s function within the angular momentum space, and 
depends on the atomic t matrices, t'jf, calculated from the 
self-consistent atomic potentials, and on the structure con¬ 
stants, which depend only upon the positions of the atoms. 
The singular term in the Green function (S.T.), which in¬ 
volves the irregular solution to the local Schrodinger equa¬ 
tion, can be omitted from the calculation of the conductivity 
because it does not contribute to Eq. (4). Thus, we write the 
conductivity in the form 

& W Zl,Z2)= ^KW 2) 

™ L X L 2 L 3 t 4 


X {M'l 4 L^ Z 2 ,2lK 7 ,l 2 (21) 

,Z 2) 7 i3i 4 ( z 2))> 

where the dipole matrix element is given as 
■ieh 


M'l'I {Z\,Zz) = 
L \ L r 


L 


(7) 


rfrZi|(r, 2 I )V # ,Z^(r,z 2 ). 


( 8 ) 


So far, we have not made any serious approximations in 
evaluating the linear response to the applied field. Under 
certain circumstances, it may be computationally feasible to 
evaluate Eq. (7) directly, however, in this paper we use the 
coherent potential approximation (CPA) to put this equation 
into a more tractable form. The CPA is a technique for “self- 
consistently” averaging over the atomic configurations. The 
individual atomic t matrices, t‘ a are replaced in the CPA by 
“coherent” t matrices, t' c . The self-consistency condition for 
determining these “coherent” t matrices is '2 a c°x ai =0. Here 
x al describes the scattering caused by replacing a coherent t 
matrix by one for an atom of type a at site j, and is given by 
x a, =Am ai D a/ , where A m ai is the difference between the 
inverse of the coherent t matrix and the t matrix for an atom 
of type a on site j, Am a> =(t , c )~ l -(t , a y \ and D a> is given 
by D a! = (l-T>> Am"') -1 . 


Equations (9)—(11) are the generalization of the KKR-CPA 
theory of transport to an inhomogeneous alloy. The generali¬ 
zation from the results of Ref. 13 is straightforward because 
the CPA self-consistency condition is a single site condition 
and therefore can be applied independently on each site. For 
a general inhomogeneous alloy, this theory would be difficult 
to implement, because it would be hard to calculate the scat¬ 
tering path operators t'J. However, for a layered system that 
retains a two-dimensional periodicity, implementation is fea¬ 
sible, as we describe in the next section. 

III. APPLICATION TO LAYERED SYSTEMS 

In this section we consider a special case where the con¬ 
centration of the alloy can vary from layer to layer, but is 
uniform within each layer. The CPA average is performed on 
the atomic sites to produce an effective layered system that 
has a two-dimensional periodicity. We use a notation in 
which a site labeled by i in Sec. II and representing any 
lattice site in the three-dimensional crystal acquires two la¬ 
bels: i—►//, where the upper case / distinguishes different 
atomic layers, and the lower case i labels a site within layer 
I. The probability of site Ii being occupied by an atom of 
type a depends only on the layer index, I. Thus, suppressing 
the angular momentum, Cartesian, and spin indices, we can 
write Eq. (9) as <T ,,Jl = (-4ml/TTh 3 £l l )M ll 3 ilJl . The inter¬ 
layer conductivity can then be written in the form 
b u = NJ l ’Z t! b ,Ul , where N, is the number of atoms per 
layer. 

Because of the two-dimensional periodicity (after the 
CPA average), we can relate the scattering path operator that 
connects any two sites t i c ‘ Ji to a scattering path operator that 
connects layers through an integral over the two-dimensional 
Brillouin zone, of area Cl z , 

J d 2 q t"( q)e“> (R ‘~ 1 V. ( 12 ) 

These layer scattering path operators t 1 / can be calculated 
using the layer KKR formalism . 14 
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The final expression for the conductivity is expressed in 
terms of matrices indexed by the layer numbers, 
a IJ =( -4mll3> ,J , where 

f d 2 q r"(q)M y r"(q) 

J(i z 

+ 2 c£n;‘ f d 2 q rf(q)x^^rf(q). 
d a 2 

(13) 

The local fields can be determined after a Us is obtained, 
by u$mgJ ls ='2. K o JKs E Ks , and the condition that the current 
for each spin must be continuous in the steady state. Two 
geometries are commonly discussed. If the field is applied 
parallel to the layers, sometimes referred to as “CIP” for 
“current in the plane,” the local fields will be uniform by 
symmetry and equal to the average applied field. Thus, the 
overall conductivity will be given by a=t X ^iKsh^ Ks < 
where t, is the thickness of layer / and t is the total film 
thickness. If the field is applied perpendicular to the layers, 
J /,s , will be independent of I for each spin. Thus, 
J s = 1 k <j jk *E ks , and the local fields can be obtained by in¬ 
verting </**, 

£ /s = S [(*T 1 ] ,jc ./*=2 p's k j s - (14) 

K K 

This allows the current to be expressed in terms of the volt¬ 
age difference across the sample, AV, as J s ~AV/l IK tip' s K . 
In this case, the resistivity for each spin (neglecting spin-fiip 
scattering) is given by p s =/ -1 2/j{//p^, and the conductivi¬ 
ties of the two spin channels should be added to obtain the 
overall conductivity. 

The giant magnetoresistance effect is observed in lay¬ 
ered films in which ferromagnetic layers alternate with non¬ 
magnetic spacer layers. If the moments on neighboring fer¬ 
romagnetic layers are brought into alignment by the 
application of a magnetic field, the electrical resistance of the 


film may decrease. This giant magnetoresistance systems can 
be calculated directly using the results derived in this paper 
by calculating the conductivity for the case in which alter¬ 
nate ferromagnetic layers are aligned parallel or antiparallel. 
Calculations that we have performed for cobalt—copper— 
cobalt sandwiches using the formalism of this paper imple¬ 
mented within the layer-KKR technique in the “CIP” ar¬ 
rangement show that the major contributions to the 
magnetoresistance arise from terms, cr IJ , in which I and J 
are atomic layers adjacent to the ferromagnetic-spacer inter¬ 
faces, and are on opposite sides of the spacer layer. Details of 
these calculations will be published elsewhere. 
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The effect of interactions on GMR in granular solids 
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In this article the effects of dipolar and exchange interactions on the magnetoresistance curves in 
granular solids has been calculated using a generalized 3-d Monte Carlo model. This model allows 
the final configuration of magnetic moments to be calculated as a function of concentration, 
temperature, and magnetic field. The results show that interaction effects give rise to a finite 
resistivity in small magnetic fields. The magnitude of this finite magnetoresistance is found to 
increase with increasing concentration. Thus the maximum change in MR with field is found to be 
lowered by the interaction effects. 


I. INTRODUCTION 


The magnetoresistance phenomena have recently re¬ 
ceived major attention due to its potential application in 
magnetic sensors and recording heads. The first attempt to 
obtain a simple description for the magnetoresistance was 
made by Gittleman et al. 1 who showed that the change in 
resistivity with magnetic field is directly proportional to the 
moment to moment correlation of the neighboring grains av¬ 
eraged over all configurations 


P(tf) a 


- 2 — 


(1) 


where fa and fa are the magnetic moments of the ith and y'th 
neighboring grains, respectively. 

For systems which contain uniform, noninteracting su- 
perparamagnetic particles (i.e., all the moments fluctuate 
thermally) the statistical average of along the 

field direction gives 

<>“i • At^) = /A 2 [^(£»)] 2 = AT 2 , (2) 

where M[ = MIM s =L(b )] is the reduced magnetization of 
the system, L(b) is the Langevin function with b = /j,H/k B T, 
where H is the field acting on the grain, k B is Boltzmann’s 
constant, and T is the absolute temperature. In Ref. 1 inter¬ 
action effects were represented by " mean-field term which 
was added to the applied field (H a ), i.e., H—>H a + KM. 
However, this way of representing interaction effects has al¬ 
ways been criticized particularly when the problem is related 
to inhomogeneous systems and hence the strength of the in¬ 
teraction field is not directly proportional to M. 

In general and particularly at low temperatures, the mag- 
netoresistance curves exhibit hysteresis effects and plots of 
Ap(//) = p(<»)-p(//) as a function of field, give a peak 
near the coercivity, where p(^) is the maximum resistivity in 
a saturating field. 2,3 In the case where no hysteresis is ob¬ 
served Eq. (2) has been adapted to analyze the MR curves 
and estimate the average volume of the cluster in Co-Ag 
granular systems. 4 In other Co-Ag systems the MR data are 
observed not to follow the M 2 law particularly in the region 
of low fields which was attributed to different magnetic 
phases within the sample. 5 However in Ref. 5 and at low 
temperatures where hysteresis is observed, the value of 
A p(H = H c ) i.e., Ap max was observed to be different from the 


value obtained at zero field (i.e., starting from a demagne¬ 
tized state). This effect was attributed to interaction effects 
between the so-called active magnetic regions. 

Thus, in order to provide an unambiguous explanation 
for the interaction effects on the behavior of MR in granular 
or quasigranular systems we have used a generalized 3-d 
Monte Carlo model in which the quantity (fa-fa) can be 
examined directly as a function of temperature, field, and 
other variables. 


II. MODEL 


The model consists of a cubic cell in which the positions 
of the particles are generated randomly. The particle sizes 
were generated according to a log-normal distribution func¬ 
tion and fitted randomly within the cell without their posi¬ 
tions being overlapped. Anisotropy effects were also consid¬ 
ered and the particles easy axes were generated randomly. 
According to this arrangement the axis system for any par¬ 
ticle within the cell is described in Fig. 1 where the total 
energy of the ith particle is 

E^KVj sin 2 a-fa H T , (3) 


where K is the anisotropy constant (uniaxial) and pt, = I sh V 
is the magnetic moment of the particle, with l sh the satura¬ 
tion magnetization of the bulk material, and V the particle 
volume. U T (H T ,0 HT ,(f>iiT ) > s the total field that particle i 
experiences which is the vector sum of the applied field and 
the dipolar and exchange fields arising from neighboring par¬ 
ticles j 


H r =// a z + S 


3(Ayr 0 )r \ fa 


5 


+ c*2 Mm ( 4 ) 


where the applied field ( H a ) is chosen to be along the z axis. 
The second term of Eq. (4) r ‘presents the vector sum of the 
total dipolar fields arising from neighboring particles while 
the third term represents the vector sum of the exchange 
fields with C* being the average exchange coupling between 
the grains whose surfaces lie within a distance comparable to 
the interatomic spacing (=10 A). The range of the dipolar 
field is chosen to be at a distance of 3 D m from the particle 
under investigation where D m is the median diameter of the 
particles. This range is chosen because the dipolar field aris- 
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FIG. 1. Axis system for a particle within the cell. 

ing from other particles located outside this range becomes 
very small (<4%). The calculation is based on the energy 
minimization of Eq. (3) where the final configuration of mo¬ 
ments is obtained after several hundred iterations for 9 and 
(f>. Therefore, the magnetorcsistance is calculated as 
pa(/z, tj) where the correlation range is taken over the 
neighboring particles, i.e., the short-range correlation. More 
details of this model and how the calculation is performed 
for both superparamagnetic and blocked particles are to be 
published elsewhere. 6 

III. RESULTS AND DISCUSSION 

All the calculations were made using a primary cell 
which contained 400 particles. The particles generated were 
chosen to have a median diameter of D m =60 A with a stan¬ 
dard deviation of <j-=0.15 and an effective anisotropy con¬ 
stant of K=2xl(f' erg/cc. These parameters were obtained 
for a fine particle system containing cobalt particles in pre¬ 
vious experimental work. 7 For this system the MR curves 
were calculated as a function of concentration. One advan¬ 
tage of this study is that the distribution of particle sizes was 
invariant with particle concentration, thus any changes in the 
behavior was due entirely to interaction effects. However, in 
real alloy films the distribution will not be invariant with 
concentration and an extended report on this matter is in 
preparation. 6 In these calculations a value of C*=0,05 was 
used in order to keep the exchange interaction effects small 
and the total interaction effect will then be dominated by 
dipolar interactions. 

Before starting the calculation of the MR curve, the ini¬ 
tial configuration of the magnetic moments (i.e., the demag¬ 
netized state) was achieved by thermal demagnetization. This 
technique produces demagnetized states which are equiva¬ 
lent to those obtained via an ac demagnetizing technique. 8 
Thus the demagnetized state was achieved by taking the sys- 
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FIG. 2. The calculated short-range correlation of moments during the ther¬ 
mal demagnetization process. 


tern to the Curie temperature and then cooling down slowly 
in zero applied field. Figure 2 shows the temperature varia¬ 
tion of the short-range correlation of moments during the 
thermal demagnetization process. These data show that there 
is a finite positive correlation which increases with concen¬ 
tration due to the increase in the interaction strength within 


Ap(H)=p(eo)-p(H) 
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FIG 3. Calculated MR curves at 7=5 K. for Co particles 
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FIG. 4. Calculated room-temperature MR curves for Co particles. 


the system. This result suggests that the moments have 
formed a vortex structure where the correlation over a short- 
range compared to the particle diameter is positive, whereas 
if this range is extended further a negative correlation is ob¬ 
tained (see the dotted line in Fig. 2 which represents the 
correlation of moments over a range of 3 D m where D m is the 
average diameter of the system. 

Figure 3 shows the calculated MR loops at T=5 K for 
concentrations e=0.2 and 0.3, starting from the demagne¬ 
tized state and increasing the field to positive saturation and 
then to negative saturation. These data for Ap(//) are typical 
and show that the value of Ap(//=0) is lower than that for 
Ap(//) ma)[ due to the fact that there is a finite positive corre¬ 
lation of moments in the demagnetized state. Also, these data 
show that as the concentration increases Adecreases 
which indicates that interaction effects in random systems 
depress the MR values and then decrease the maximum 
change in magnetoresistance for the system. Figure 3 also 
shows that due to interaction effects the peak in the A p(H) 
curve is shifted to lower fields and becomes more rounded. 


Figure 4 shows the MR curves at room temperature (T 
=300 K) for the sample with e=0.2. In this case all the 
particles are superparamagnetic and the system exhibits no 
remanence and coercivity. Also on the same figure A M 2 data 
are shown where AM 2 =A/ 2 (oo)-M 2 (//) and M is the re¬ 
duced magnetization of the system. It is clear from the data 
that the A p{H) curve starts to deviate from the A A/ 2 curve as 
the field is reduced and at low fields the A p(H) exhibits a flat 
region which is lower than AM 2 . This result can be under¬ 
stood since AM 2 is a measure of the average correlation over 
the whole system whereas the A p{H) data give the degree of 
short range correlation between the neighboring particles. At 
low fields the short-range correlation is insensitive to field 
changes and only gives small changes in the magnetoresis¬ 
tance. These results also shows that even at room tempera¬ 
ture the short-range correlation is still significant which in¬ 
dicates that interaction effects in random systems decrease 
the values of A p(H) mm . 

IV. CONCLUSIONS 

In this article the effects of interactions on the behavior 
of GMR in idealized granular systems is examined using a 
generalized 3-d Monte Carlo model. Calculations of the 
short-range correlation of moments as a function of field are 
partially consistent with the observed MR curves in random 
systems. These calculations show that due to interaction ef¬ 
fects the Ap(//=0) is different from that for Ap(//) max . Also, 
when there is no hysteresis the Ap(//) does not follow an M 2 
law due to the fact that MR depends on the short-range order 
whereas the magnetization is an average over the whole sys¬ 
tem. 
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We report the observation of the GMR effect in spinodaily decomposed Cu-20Ni-20Fe thin films. 

A &.R/R value as high as 6.5% was observed at room temperature. In contrast to the commonly 
observed temperature-dependent behavior of A R/R increasing at low temperature; thin film shows 
a decrease in £±R/R at 4.2 K. The dependence of the GMR effect on various deposition parameters, 
such as substrate temperature has been studied. The observed giant magnetoresistance behavior in 
Cu-20Ni-20Fe films is most likely related to the field-induced decrease in electron scattering in a 
pseudosuperparamagnetic material, as well as the spin-dependent scattering at the two-phase 
interface and in the ferromagnetic phase. 


Giant magnetoresistance (GMR) type ferromagnetic/ 
nonmagnetic superlattice structure was first discovered in a 
Fe/Cr system, 1 and later in other systems, including Co/Cu, 
Fe/Cu, Co/Ag, etc. 2,3 Recently, negative magnetoresistance 
in granular alloys, consisting of ferromagnetic particles dis¬ 
persed in a nonmagnetic matrix, was also found in Cu-Co 
thin films, 4,5 as well as in other thin film systems, for ex¬ 
ample, Ag-Co, Cu-Fe, and Au-Co. 5 ' 7 While many combi¬ 
nations of ferromagnetic-nonmagnetic phases are possible in 
granular alloys, the systems that exhibit the GMR effect are 
restricted to those that are essentially not soluble to each 
other in the solid state. 

In our previous reports, giant negative magnetoresis¬ 
tance was created in spinodaily decomposed Cu-Ni-Fe bulk 
alloys with artificial layer-like structures, in both the 
ferromagnetic-nonmagnetic and ferromagnetic-ferromag¬ 
netic two-phase states. 8,9 The superlattice-like structure with 
a size scale of 10-30 A was obtained, either by anisotropic 
deformation or by proper heat treatment of spinodaily de¬ 
composed Cu-20Ni-20Fe alloys. In this study, the creation 
of the ultrafine and spinodaily decomposed microstructure of 
Cu-20Ni-20Fe thin films by triode magnetron sputtering is 
reported, and the giant magnetoresistance and magnetization 
results are presented. 

The Cu-20Ni-20Fe (wt.%) alloy thin films were pre¬ 
pared by dc magnetron triode sputtering from a 57 mm diam 
target. The films with a thickness of 1000-5000 A were 
sputtered onto Si(100) single crystal substrate under various 
sputtering conditions. The substrate temperatures during 
sputtering were changed from 77 to 500 K. Various acceler¬ 
ating bias voltages, applied between the target and the sub¬ 
strate, ranging from 75 to 250 V were used in the sputtering. 

The film thickness was determined by Rutherford Back- 
scattering Spectrometry (RBS). The crystal structure and tex¬ 
ture of the deposited films were investigated by x-ray diffrac¬ 
tion (XRD) using K a (Cu) radiation. The magnetoresistance 
(MR) measurement were made using the conventional four- 
point probe method with a magnetic field applied in the film 
plane. The measurements were carried out at various tem¬ 
peratures (4.2 K-295 K) and fields up to 60 KOe. The mag¬ 


netic properties were studied by using a vibrating sample 
magnetometer. The microstructure of thin films was studied 
by high resolution transmission electron microscopy (TEM) 
using JEOL 4000 microscope operated at 400 kV, after 
sample thinning by ion milling at 77 K. 

The Cu-20Ni-20Fe film was first deposited onto a sub¬ 
strate at a temperature of 77 K with an Ar accelerating bias 
of 200 V and under a pressure of 4 mTorr. Figure 1 shows 
the room temperature and 4.2 K magnetoresistance (MR) 
ratio versus the applied magnetic field for this film. The MR 
ratio was defined here as Ap m /p s or A RJR S , where p s (or 
R s ) is the electrical resistivity or resistance near the satura¬ 
tion field. The electrical resistivity of the film in zero field is 
about 24 /xXl cm at room temperature and 14 pil cm at 4.2 
K. As the field strength is increased, the electrical resistivity 
of the film decreases continuously. The as-deposited sample 
exhibits a negative room temperature magnetoresistance ra¬ 
tio of about 6.5% at H=60 KOe. The MR ratio versus H 
curve is not saturated at the maximum applied field, and 
hence the maximum magnetoresistance ratio attainable must 



FIG. 1. MR ratio vs H curves at room temperature and 4 2 K in a Cu- 
20Ni-20Fe thin film. 
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FIG. 2. M-H loops for the as-deposited film and bulk Cu-20Ni-20Fc alloy. 

be higher than 6.5% measured at the field of 6 T. The mag¬ 
netoresistance ratio of the sample in Fig. 1 was also mea¬ 
sured with magnetic fields up to 2 T, applied perpendicular to 
the film surface. When the demagnetizing field is taken into 
consideration, essentially the same magnetoresistance behav¬ 
ior as for the in-plane field orientation was observed. Thus, 
the possibility of significant anisotropic magnetoresistance 
contribution is eliminated. 

Shown in Fig. 2 is the M-H magnetization hysteresis 
loop at room temperature, measured with the maximum field 
of 2 T for the as-deposited film. The M-H loop for the bulk 
Cu-20Ni-20Fe alloy sample is also shown as a dotted curve 
for comparison. The as-deposited film exhibits a relatively 
small hysteresis with a relatively lower coercivity (He) of 
less than ~20 Oe, a remanence ratio ( M r /M s ) of ~0.2, and 
a saturation (M s ) of 130 emu/cm 3 , which suggests a film 
microstructure with very fine particle size of the ferromag¬ 
netic phase, almost close to the superparamagnetic regime. 
However, the bulk sample with particle size of ~500 A has a 
coercivity of 620 Oe, a remanence ratio of 0.87, and satura¬ 
tion of 200 emu/cm 3 . Essentially, similar M-H behavior is 
observed at 4.2 K, except with slightly larger hysteretic be¬ 
havior for both samples. 

The x-ray diffraction study indicates that the main dif¬ 
fraction peak in the XRD pattern of this as-deposited film 
are, respectively. (Ill), (200), and (220) in the order of in¬ 
tegral intensity for both the Cu-rich and the (Fe, Ni)-rich 
phases, as their lattice parameters are very close to each 
other and the peaks overlap due to the slight shift and broad¬ 
ening of the peaks. This suggests that polycrystalline struc¬ 
ture exists in this as-deposited Cu-20Ni-20Fe film, and the 
composition fluctuation and phase separation in it is small, as 
indicated by diffraction peaks without significant splitting. 
Figure 3 shows the decomposition structure with a ~30 A 
size composition modulation in the as-deposited Cu-Ni-Fe 
film. The Moire fringes in the TEM image suggests that the 
(Fe, Ni)-rich phase (the darker phase in Fig. 3) has a lattice 
parameter slightly different from that of Cu-rich matrix. The 
relative volume of the two phases is approximately 50% 
each. The particle size in the present film is comparable to 
the layer thickness, and the interlayer spacing between the 
ferromagnetic layers in GMR-type superlattice films, which 



FIG. 3. Spinodally decomposed microstructure in the as-deposited 
Cu-Ni-Fe film. 

is on the order of 10-30 A. Thus, the observed giant mag¬ 
netoresistance in the as-deposited Cu-Ni-Fe film is attrib¬ 
uted to the extremely fine-scale spinodally decomposed 
structure, the presence of which is further confirmed by mag¬ 
netization measurement, as well as by XRD and TEM. The 
bulk spinodally decomposed Cu-20Ni-20Fe alloy (Cunife 
1 , a common permanent magnet material) with a particle size 
of —500 A was found to exhibit a magnctoresistancc ratio of 
only about 0.6% at room temperature, with fields up to 6 T in 
our previous report. 8 Here we show that the promotion of the 
magnetoresistance effect in the spinodally decomposed 
Cu-Ni-Fe alloy could be achieveo through microstructure 
modification by a sputtering process, in addition to the an¬ 
isotropic deformation or heat treatment methods reported in 
the previous papers. 

Upon cooling from room temperature to 4.2 K, the film 
exhibits a decrease of electrical resistivity by a factor of 1.7 
(from 24 to 14 pfl cm). In contrast to the resistivity, the 
Ap m , defined as (p 0 -p s ), decreases by a factor of 3.3 (from 
1.4 to 0.4 pH cm). The net result is that the room tempera¬ 
ture MR ratio is higher than that at 4.2 K as shown in Fig. 4, 
which is opposite to the commonly observed tendency of 
MR ratio increasing at lower temperatures. 

Comparing the MR ratio versus H curve to the M-H 
curve, the saturation field for the M-H curve appears to be 
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FIG. 5. Substrate temperature dependence of the MR ratio (for H=2 T) for 
the Cu-20Ni-20Fe film. 

significantly lower than that for the corresponding magne¬ 
toresistance curve (Fig. 1). Although the exact mechanisms 
not fully understood are still obscure, the GMR behavior is 
believed to be related to the spin-dependent scattering, which 
is reduced when the angle between the magnetization of ad¬ 
jacent layers of magnetic grains (domains) is decreased. It is 
thus expected that the GMR and magnetization will be di¬ 
rectly related. 

However, in view of the much lower saturation field for 
the M-H curve than that for the magnetoresistance curve, as 
well as the abnormal temperature dependence of MR, it is 
speculated that the GMR mechanism in the present film may 
be qualitatively different from the general feature described 
by previous investigators. Similar to the as-deformed 
Cu-Ni-Fe alloy wire, the observed MR, as well as its tem¬ 
perature dependence, could be explained in terms of the 
mechanism proposed by Dieny et al.'° The magnetic excita¬ 
tions in the nearly superparamagnetic film, which is sup¬ 
ported by the M-H curve data, as well as the XRD and TEM 
observation, lead to strong, but not necessarily spin- 
dependent, electron scattering. Such excitations are reduced 
by an applied field, and lead to the observed MR behavior. At 
lower temperatures, they are significantly reduced, and hence 
the field-related decreasing of resistivity becomes smaller 
than at higher temperatures. This gives the negative tempera¬ 
ture dependence of the MR ratio for the film. However, the 
contribution of spin-dependent scattering at the two-phase 
interface and in the ferromagnetic phase to the GMR phe¬ 
nomenon could not be ruled out in this study. Further studies 
are necessary to verify the exact role of various mechanisms 
involved. 

Figure 5 describes the substrate temperature (T s ) depen¬ 
dence of the MR ratio measured at room temperature in 
Cu-20Ni-20Fe thin film samples, prepared with an acceler¬ 
ating bias of 130 V and under Ar pressure of 4 mTorr. The 


MR ratio versus T s curve shows a strong dependence of MR 
ratio on T s . It increases from 1.2% to 3.2% after the sub¬ 
strate temperature is lowered down to 200 K or below. The 
measurement at room temperature indicates that higher coer- 
civity, magnetization (at H=2 T) and remanence magnetiza¬ 
tion ratio ( M r /M s ) are obtained for the films deposited at 
higher T s . For example, the magnetization for the film de¬ 
posited at 500 K is ~380 «*nrj/cm 3 at room temperature, 
which is about 2.5 times that for the film deposited at 77 K. 
In general, the films deposited at higher temperatures show 
more significant hysteresis behavior of M-H loops. 

Higher substrate temperatures tend to increase the par¬ 
ticle size (or wavelength in a spinodally decomposed struc¬ 
ture) and compositional segregation. The Cu-20Ni-20Fe 
film deposited at low T s below 300 K is composed of small 
particles (clusters) with comparatively smaller compositional 
variation, and gives small coercivity and a remanence mag¬ 
netization ratio, which indicates a superparamagnetic-like 
behavior at the measurement temperatures. For the substrates 
at higher T s , the larger driving force for the sputtered par¬ 
ticles to diffuse and coalesce in the film enhances the particle 
growth, and phase separation. It is noteworthy that the en¬ 
ergy (and mobility) of the impinging atoms on substrate sur¬ 
face during sputter deposition is much higher than that of 
bulk materials at nominally the same temperature as T s . The 
magnetoresistance ratio (measured at H=2 T) is substantially 
reduced from 3.2% for the film with T s =ll K to 1.2% for 
the film with 7^=500 K. This is most likely due to the par¬ 
ticle coarsening at higher T s , which will raise the superpara¬ 
magnetic blocking temperature ( T h ) for the (Fe, 4i)-.ich 
clusters and reduce the degree of superparamagnetic fluctua¬ 
tion. 
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Relaxation of magnetoresistance and magnetization in granular Cu 90 Co 10 
obtained from rapidly quenched ribbons 

P. Allia, C. Beatrice, a) M. Knobel, a) R Tiberto, a) and F. Vinai a) 

Dipartimenio di Fisica, Politecnico di Torino, 1-10129 Torino, Italy 

Bulk granular Cu 90 Co 10 systems displaying a negative giant magnetoresistance (GMR) were 
produced by submitting melt-spun ribbons to conventional annealing and dc joule heating in order 
to induce diverse microstructures. Room-temperature GMR values up to 9% at 20 kOe were found 
in samples produced using both kinds of thermal treatments. An evolution from a superparamagnetic 
towards a ferromagnetic behavior has been observed in samples submitted to different heat 
treatments. A long-time, nearly logarithmic relaxation of the magnetic remanence has been 
measured after fast removal of a magnetic field of 10 kOe. Tne progressive randomization of the 
magnetic moments also gives rise to a corresponding increase in the zero-field electrical resistance. 


I. INTRODUCTION 

A strong negative magnetoresistance has been observed 
in certain granular magnetic materials where clusters of a 
ferromagnetic metal such as Co or Fe are dissolved in a 
metallic matrix such as Cu or Ag. 1,2 Although the interest for 
these granular magnetic systems is obviously enhanced by 
the possible applications of the giant magnetoresistance ef¬ 
fect (GMR), a great research effort is being focused on a 
number of open problems concerning their fundamental 
properties. 3,4 The magnetoresistance behavior of these het¬ 
erogeneous alloys was first observed in deposited thin 
films. 5,6 Melt-spinning techniques have been successfully ex¬ 
ploited to produce bulk metastable solid solutions where su¬ 
perparamagnetic and ferromagnetic clusters may be devel¬ 
oped by effect of suitable annealing treatments. 7,8 

The technique of joule heating under a direct electrical 
current, where the temperature of a metallic ribbon strip is 
dramatically increased by the joule effect, has recently 
proven to be a most effective method to produce nanostruc- 
tured ferromagnets starting from compositionally homoge¬ 
neous, melt-spun ribbons. 9 

In this article, we report on the magnetic and transport 
properties of a set of CuCo granular bulk systems obtained 
by submitting the rapidly quenched alloy either to conven¬ 
tional annealings, or to dc joule heating under different cur¬ 
rents for the same time. The latter technique allows one to 
easily produce materials with GMR comparable to the ones 
found in conventionally annealed materials. The superpara¬ 
magnetic component of the considered granular magnetic 
materials is particularly evidenced by a significant relaxation 
of the magnetic remanence. In correspondence of this 
gradual reduction in the magnetic order, the zero-field elec¬ 
trical resistance of the samples is observed to steadily in¬ 
crease with time. 

II. EXPERIMENT 

A rapidly quenched Cu^Co^ alloy was obtained in ’ib- 
bon form by planar flow casting in controlled atmosphere on 
a CuZr drum. Strips cut from the ribbon (width 5X10~ 3 m, 


a, Isti!uto Elettrotecmco Nazionale Galileo Ferraris, C.so Massimo 
D’Azcglio 42. 1-10125 Torino, Italy. 


thickness 5X10 -5 m) were submitted either to furnace an¬ 
nealing in Ar atmosphere at T a =440 and 500 °C for 1 h, or 
to dc joule heating in vacuo. The latter treatment was per¬ 
formed by clipping the samples between copper electrodes 
(electrode distance 1X10 -1 m), and subsequently applying 
an "lectrical current / of constant intensity for 60 s. The 
elec cal resistance R was continuously monitored by mea¬ 
suring the voltage drop across a standard resistor, in order to 
detect thermal and structural changes occurring in the 
samples. 10 A detailed description of the technique is given 
elsewhere. 11 

Room-lomperature measurements of magnetization 
curves ar.J magnetoresistance were performed on both as- 
quenched and annealed ribbon strips. The magnetic moment 
of each sample was measured as a function of the applied 
field H by means of a vibrating sample magnetometer (LDJ/ 
VSM model 9500) up to H=\0 kOe. The field behavior of 
the electrical resistance was measured up to H =20 kOe in 
the same magnetometer through a conventional four-contact 
technique. The magnetic field was applied either in the rib 
bon’s plane, perpendicular to the bias current (transverse 
configuration), or normally to the ribbon plane (perpendicu¬ 
lar configuration). 

III. RESULTS AND DISCUSSION 

Hysteresis loops give information about the development 
of Co clusters. The values of magnetic remanence ( M r ) and 
coercivity ( H c ) of selected samples are reported in Table I 
along with the saturation magnetization M s determined by 


TABLE I. Magnetic hysteresis parameters of various granulai Cu^Co^ 
samples. Treatment times: joule heating 60 s; furnace annealing: 3600 s 
The GMR ratio is defined in the text. 


Treatment 

U c (Oc) 

M, (emu/g) 

A/ s (emu/g) 

GMR (%) 

As-quenched 

42 

0.12 

77 

-1.7 

7 A (2.8X10'A/m 2 ) 

141 

0.53 

10.0 

-6.3 

8 A (3.2X 10 7 A/nr) 

185 

1.4 

10.9 

-5.5 

9.25 A (3.7 X10 7 A/m 2 ) 

198 

1.4 

15.2 

-6.2 

10 A (4X10 7 A/m 2 ) 

208 

4.6 

13.0 

-0.5 

440 °C 

187 

1.2 

12.5 

-73 

500 °C 

203 

1 9 

14.8 

-8.9 
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FIG. 1. Time behavior of the reduced magnetic remanence M r (t)/M r {0) in 
joule heated and conventionally annealed Cu^Co^ samples. 

extrapolation of the experimental curves to //—><» through a 
multiple-Langevin function fit. This fitting procedure allows 
one to assign values of the cluster radii ranging between 2 
and 6 nm. The values of M r and H c of the as-quenched 
sample show that the starting material is not an ideal solid 
solution, although the size of quenched-in clusters is so small 
that the system nearly behaves as a superparamagnet. Table I 
shows that all annealing treatments induce a growth of H c 
with increasing either the current density or the annealing 
temperature. Usually, the value of H c may be taken as a 
measure of the average size of the ferromagnetic clusters 
once the value of the magnetic anisotropy constant of the 
precipitates is known. 12 This is however not the case for 
granular systems produced by high heating rates, where both 
the crystalline structure and the shape of the Co clusters are 
still unknown. The evolution of the product KV (V being the 
average cluster volume) with changing the annealing param¬ 
eters is responsible for the magnetic behavior of this set of 
samples. A particularly large value of KV is possibly respon¬ 
sible for the peculiar magnetic and transport properties of the 
sample submitted to 4X10 7 A/m 2 joule heating. 

A significant isothermal relaxation of the magnetic rema¬ 
nence was observed in all samples. This effect was measured 
by first applying to each sample a high magnetic field (10 
kOe) for a fixed time (1 h), and subsequently measuring the 
time behavioi of the magnetic moment in the range 1—10 6 s 
after sudden removal of the field (stabilized in »5 s). The 
relaxation of M r IM r (Q) is reported in Fig. 1 for different 
samples. The curve for the specimen treated at 7 a =440 °C is 
not shown because it is identical to the one observed in the 
sample submitted to joule heating at /=8 A. The relaxation 
kinetics is roughly of logarithmic type in all samples. How¬ 
ever, the intensity of relaxation is strongly influenced by the 
thermal treatment, being highest in the as-quenched material, 
where Co clusters are very small and finely dispersed in the 
Cu matrix. 13 In this case the magnetic field is effective in 
orienting the magnetic moments, which are progressively 
randomized by thermal fluctuation when the field is re¬ 
moved. The increase in the average cluster size brings about 
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FIG. 2. Intensity of the remanence relaxation, AM t /M r *a[M ,(0) 
-M r (10 5 s]/M r (0), as a function of the ratio M r IM S for the samples of Fig. 
1. Inset: selected hysteresis loops up to H = 10 kOe. 

both an increase in the ferromagnetic character of the hyster¬ 
esis loops (Table I) and a reduction in the relaxation inten¬ 
sity, as evidenced in Fig. 2, where M r (0)-A/ r (10 5 s)/A/ r (0) 
is reported as a function of the ratio MJM S for the considered 
set of samples. 

The magnetoresistance (MR) ratio is defined here as 
[R(/7)-R max ]/R max , where R m . M is the maximum resistance 
value obtained in each hysteresis loop. For as-quenched 
samples the MR value obtained for a maximum field of 20 
kOe is about 1.7%. After a proper furnace annealing or joule¬ 
heating treatment, the room-temperature MR ratio can reach 
values as high as 9%, comparable to the highest GMR values 
obtained in granular solids. 1 ' 2 Figure 3 shows two represen¬ 
tative GMR curves, obtained for a conventionally annealed 
sample (curve a, 7 a =440 °C) and for a current-heated ribbon 
(curve b, 7=6 A). The differences between the curves of Fig. 
3 mainly arise from a different experimental procedure. 
Curve a was measured by waiting until complete stabiliza¬ 
tion of the resistance value was obtained for each value of H 
(«15 s per point). Curve b was instead obtained during a 
continuous hysteresis loop (total time 5 min). The curves do 
not saturate up to 20 kOe, indicating the presence, in both 
samples, of a superparamagnetic phase responsible for the 



H (kOe) 


FIG. 3. Room-temperatuie giant magnetoresistance in a conventionally an¬ 
nealed and a joule-heated sample of granular Cu w Co l0 . 
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FIG. 4. Time behavior of the zero-field electrical resistance after applying a 
transversal (curve a) or perpendicular (curve b) field of 20 kOe for 120 s on 
a joule-heated sample (/=6 A, 60 s). 

giant MR effect. In agreement with Wecker et al., 1 we also 
verified that the R(H) data obtained in a loop are always 
different from the ones obtained on the virgin curve. 

Owing to the close relation existing between the magne¬ 
toresistance and the magnetic order within the material, a 
change in the electrical resistance should be measured along 
with the relaxation of M r . In order to study this effect, we 
tried to follow the same procedure adopted for the rema- 
nence relaxation. However, we noticed that the resistance 
values are extremely sensitive to very small variations in 
temperature and/or magnetic history of the sample (the tem¬ 
perature coefficient of resistivity being as high as 9X10 -4 
K' 1 in this granular material), and therefore extrinsic ther¬ 
mal effects dominate over the true relaxation of R. In order 
to overcome this difficulty, we applied a field of 20 kOe for 
2 min only. The ratio [/?(/)-R 0 ]//? 0 , where R 0 is measured 
after suddenly removing the field, is reported in Fig. 4 as a 
function of the measurement time for a joule-heated sample 
(/=6 A) in both the transverse (curve a) and perpendicular 
(curve b) field configurations. Although the effect is very 
small, the gradual randomization of the magnetic moments 
induces an increase in the conduction-electron scattering and 
in the electrical resistance, as expected. The relaxation of R 
is about two orders of magnitude lower than the relaxation of 
A/,, as one should expect considering that the ehvCt of a 


change in the magnetic order must have only a minor effect 
on the overall sample resistance. Owing to the reduced mag¬ 
nitude of the observed effect, the differences found between 
the two measurement configurations can have several ori¬ 
gins, including anisotropic magnetoresistance, 1 ordinary 
magnetoresistance of Cu, or even the lack of complete sphe¬ 
ricity of the clusters, as proposed by Xiao et al. 5 

In conclusion, the present results confirm that the joule¬ 
heating technique can be adopted as a reliable, fast, and easy- 
to-use treatment to produce granular magnetic materials. In 
fact, this treatment allows one to produce a variety of micro¬ 
structures in the Cu^Co^ system, dependent on the value of 
the joule-heating current, and characterized by very small 
clusters displaying a magnetic behavior gradually evolving 
from the nearly superparamagnetic to a more ferromagnetic 
character. By properly choosing the treatment conditions, not 
only very similar MR curves, but also nearly identical mag¬ 
netic parameters may be obtained through conventional an¬ 
nealing and joule heating, indicating that the same micro¬ 
structures are generated independently of the rate of heating 
involved in the thermal treatments. Finally, the observed re¬ 
laxations in both M r and R, although detrimental to perspec¬ 
tive applications of granular magnetic systems, are intrinsi¬ 
cally very interesting and worthy of more detailed 
investigation in the near future. 
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Magnetic and magnetotransport properties of granular Cu 85 Fe 15 prepared 
by mechanical alloying 
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The magnetic and magnetotransport properties of granular Cu 85 Fe ]5 prepared by mechanical 
alloying have been investigated. The sample was prepared by grinding fine powders of copper and 
iron in a high energy ball mill. Zero field cooled and field cooled susceptibilities showed a behavior 
that is typical of a superparamagnet. The blocking temperature T B of 20 K was determined from ac 
susceptibility. The magnetoresistance reached 5.5% at 4.5 K in a field of 5 T. It was increased to 
7.6% after the sample was annealed at 300 °C for 20 min. The hysteresis loop was measured for 
both magnetization and magnetoresistance. There was a clear correlation between the two. The 
magnetoresistance is due to the scattering associated with iron nanoparticles present in the samples 
and its dependence on particle size is discussed. 


INTRODUCTION 

The discovery of negative giant magnetoresistance 
(GMR) in Fe-Cr magnetic multilayers by Baibich el al . 1 and 
the subsequent finding that GMR occurs in many other 
multilayer ultrathin magnetic film systems 2 ' 5 have attracted 
much attention. Recently, GMR was also found in granular 
structures where metallic ferromagnetic nanoparticles are 
dispersed in a nonmagnetic metal matrix. 6,7 Not only have 
these discoveries provided new opportunities for studying 
the fundamental issues of spin-dependent electrical transport 
phenomena but they may also have an enormous impact on 
the information storage technologies due to the potential de¬ 
vice applications of these materials in magnetic read heads. 8 
The fact that GMR also exists in some granular systems has 
provided opportunities to explore other preparation methods 
which are capable of producing the granular systems and are 
less expensive and more reliable than, for example, the com¬ 
monly used sputtering techniques. Wecker et al? have ap¬ 
plied the melt-spinning method to produce bulk Cu-Co al¬ 
loys by rapid solidification. For the optimally annealed 
samples the GMR was found to be 36% at 30 K, Ounadjela 
et al. have studied GMR in the Ag-Co granular system pre¬ 
pared by mechanical alloying. 10 GMR of 7.7% at 5 K was 
observed in their bulk mechanically alloyed Ag 7 0 Coi 0 
sample. In this article, we report the magnetic and magne¬ 
toresistive properties of granular Cu 8; Fe 15 prepared by me¬ 
chanical alloying. 

EXPERIMENTAL DETAILS 

Cug 5 Fe 15 was prepared by mechanical alloying using a 
high energy Spex 8000 mixer/mill. The starting materials 
were fine powders of copper and iron of 99.9% purity. Sto¬ 
ichiometric amounts of the powders were sealed in a grind¬ 
ing vial made of hardened steel under argon atmosphere. 
Also sealed in the vial were two hardened steel balls. The 
weight ratio of ball to sample was approximately 2:1. After 
30 h of grinding, the product was shiny, almost colorless and 
in the form of small spherical dots. A SCINTAG x-ray pow¬ 
der diffractometer with Cu Ka radiation was used for x-ray 


diffraction examinations. The sample was cold pressed into 
pellets, and some of those were annealed at low temperatures 
(7’=300 and 550 °C) for 20 min in order to study the effects 
of such annealing on the interested physical properties. 

The magnetic susceptibility of the mechanically alloyed 
sample was measured as a function of temperature under 
both zero field cooled (ZFC) and field cooled (FC) condi¬ 
tions, and measured with an ac field using a Quantum Design 
SQUID susceptometer (Model MPMS-5S). The blocking 
temperature of the superparamagnetic iron nanoparticles em¬ 
bedded in the copper matrix was determined from the data. 
Magnetization (A/ vs II) and hysteresis loop of the sample 
were examined at 4.5 K. Magnetoresistance measurements 
were carried out, using a four-point technique, at both room 
temperature and low temperatures as a function of applied 
field. Magnetoresistive hysteresis was also studied and com¬ 
pared with the magnetic hysteresis. 

RESULTS AND DISCUSSION 

The x-ray diffraction pattern of the Cu 85 Fe 15 sample 
which was mechanically alloyed for 30 h showed only broad 
peaks from fee copper. No peak from bcc a iron was observ¬ 
able. The diffraction peaks of the mechanically alloyed 
sample were slightly shifted toward lower angles relative to 
those of pure copper. This indicated an increase in the.lattice 
constant a of the mechanically alloyed sample as compared 
to that of pure copper, which implies that a certain amount of 
iron has been dissolved in the fee copper matrix. This result 
is consistent with the finding that mechanical alloying in¬ 
duces fee solid solution Cuj_^Fe^ for jc< 0.6."' 13 However, 
as will be discussed later, magnetic measurements indicated 
that our sample also contained undissolved iron particles. 
The reason that peaks from the iron were absent in the x-ray 
pattern is probably attributed to the extremely small sizes of 
the iron particles. 

Figure 1 shows the magnetic susceptibility of the 30 h 
mechanically alloyed Cu g5 Fe 15 measured under both field- 
cooled (FC) and zero-field-cooled (ZFC) conditions. What is 
obvious is the irreversibility indicated by the deviation be- 


6820 J Appl Phys 76(10), 15 November 1994 


0021-8979/94/76(10)/6820/3/$6.00 


© 1994 American Institute of Physics 





FIG. 1. dc magnetic susceptibilities of the as-mechanically alloyed Cu S5 Fe l5 
measured under both ZFC and FC conditions The measuring field is 2000 
Oe. 


tween FC and ZFC susceptibilities. There is a broad maxi¬ 
mum in the ZFC susceptibility at 20-30 K. This maximum 
can be caused by either a spin-glass-type transition or super- 
paramagnetic iron particles. For a spin-glass transition, the 
peak in the ZFC susceptibility is normally very sharp and all 
irreversibility effects disappear just above the freezing tem¬ 
perature. On the other hand, in a superparamagnet, the maxi¬ 
mum is broad and irreversibility persists well above the 
blocking temperature. 14 Therefore, we believe the observed 
irreversibility and broad maximum in the ZFC susceptibility 
of our sample is caused by an assembly of superparamag- 
netic iron particles dispersed in the copper matrix. In addi¬ 
tion, the absolute value of susceptibility is quite high even at 
room temperature, which suggests that there is a wide distri¬ 
bution of particle size with blocking temperatures ranging 
from very low temperature to above room temperature. Fig¬ 
ure 2 shows the real part of the ac if=32 Hz) susceptibility 
x' of the same sample. The inset shows the imaginary part / 
in the low-temperature region. The average blocking tem¬ 
perature T b determined from the peak in the ac susceptibility 
x' is 20 K. As seen, Y' shows a corresponding loss peak near 
the same temperature. 

The magnetoresistance was measured as a function of 
applied field up to 5 T at 4.5, 77, and 300 K, respectively. 
Figure 3 shows such magnetoresistance, defined as 
[P(//)-p< 0 )]/P< 0 )> versus applied field plots. The magnetoresis¬ 
tance reaches 5.5% at 4.5 K in a field of 5 T. It is reduced to 
3.8% at 77 K and less than 0.2% at 300 K. The observed 
magnetoresistance shows no indication of saturation in a 
field of 5 T at all temperatures. 

The as-mechanically alloyed sample was subsequently 
annealed for 20 min at 300 and 550 °C, respectively. Figure 
4 is the magnetoresistance versus field plots at 4.5 K for 
samples annealed at these temperatures. The as-mechanically 
alloyed sample is also shown for comparison. The heat treat¬ 
ment at 300 °C results in an increase in magnetoresistance to 
7.6% from 5.5% of the not-annealed sample. This is attrib¬ 
uted to the precipitation of additional iron particles from the 
copper matrix, which contribute to the spin-dependent scat¬ 



FIG. 2. The real part of the ac susceptibility x of the as-mechanically 
alloyed sample and imaginary part of the ac susceptibility / (inset). Only 
the low-temperature portion of the / is shown. 


tering process. As the annealing temperature is further in¬ 
creased to 550 °C, the sizes of the iron particles grow and 
become sufficiently large such that the GMR decreases sig¬ 
nificantly. The effects of annealing at the mentioned tempera¬ 
tures on the particle size have been well documented, for 
example, see Ref. 15. 

Fhown in Fig. 5 are the hysteresis loops for magnetiza¬ 
tion and magnetoresistance measured at 4.5 K. Only data 
below H =3500 Oe are shown. A clear correlation between 
the two hysteresis loops exists. The coercivity H c (at which 
magnetization becomes zero) is about 500 Oe, and as can be 
seen, it is also the field at which magnetoresistance becomes 
zero. 



FIG. 3 Magnetoresistance of the as-mechamcally alloyed sample vs applied 
field measured at 4 5, 77, and 300 K. 
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FIG. 4. Magnetoresistance as a function of applied field at 4.5 K for the 
as-mechanically alloyed sample and subsequently annealed at 300 and 
550 °C samples. 


CONCLUSIONS 

The magnetic and magnetoresistive properties of granu¬ 
lar Cu 85 Fe 15 prepared by mechanical alloying have been 
studied. The presence of magnetic iron nanoparticles in the 
as-mechanically alloyed sample is demonstrated by both 
zero-field-cooled and field-cooled susceptibilities. The super- 
paramagnetic behavior is also shown in its ac susceptibility 
from which a blocking temperature T lt of 20 K is derived. 
There is a clear correlation between the hysteresis loops of 
magnetization and magnetoresistance. The magnetoresis- 



F1G 5. Hysteresis loops of magnetization (a) and magnctoresistancc (b) 
measured at 4 5 K. 


tance is 5.5% at 4.5 K in a field of 5 T. It is increased to 7.6% 
after the sample was anneal , d at 300 °C for 20 min. The 
effect of such heat treatment is to let more iron particles 
precipitate out of the copper matrix. Further annealing at 
higher temperature has a deteriorating effect on the magne¬ 
toresistance. The largest magnetoresistance of 7.6% found in 
our sample is smaller than reported elsewhere using other 
preparation methods. 6,7 Improvement should be possible by 
optimizing parameters like grinding time, composition, and 
annealing temperature. As mentioned earlier, x-ray diffrac¬ 
tion data indicate that a part of iron is dissolved in the fee 
copper matrix in the as-mechanically alloyed sample, there¬ 
fore the actual composition of the granular portion of the 
sample which contributes to GMR is not Cu 85 Fe 15 but prob¬ 
ably contains less iron. It is interesting to note that another 
granular system prepared by mechanical alloying Ag 70 Co 30 
exhibits MGR of 7.7% at 5 K, which is almost identical to 
the value found in our sample. 
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Granular giant magnetoresistive materials and their ferromagnetic 
resonances (abstract) 

M. Rubinstein, B. N. Das, N. C. Koon, D. B. Chrisey, and J. Horwitz 

U.S. Naval Research Laboratory, Washington, DC 20375-5000 

Ferromagnetic resonance (FMR) can reveal important information on the size and shape of the 
ferromagnetic particles which are dispersed in granular giant magnetoresistive (GMR) materials. We 
have investigated the FMR spectra of three different types of granular GMR material, each with 
different properties: (1) melt-spun ribbons of Fe 5 Co 15 Cu 80 and Co 2 oCu 80 , (2) thin films of Co 20 Cu 80 
produced by pulsed laser deposition, and (3) a granular multilayer film of [Cu(50 A)/Fe(10 A)]x50. 
We interpret the linewidth of these materials in as simple a manner as possible, as a “powder 
pattern” of noninteracting ferromagnetic particles. The linewidth of the melt-spun ribbons is caused 
by a completely random distribution of crystalline anisotropy axes. The linewidth of these samples 
is strongly dependent upon the annealing temperature: the linewidth of the as-spun sample is 2.5 
kOe (appropriate for single-domain particles) while the linewidth of a melt-spun sample annealed at 
900 °C for 15 min is 3.8 kOe (appropriate for larger, multidomain particles). The linewidth of the 
granular multilayer is attributed to a restricted distribution of shape anisotropies, as expected from 
a discontinuous multilayer, and is only 0.98 kOe with the magnetic field in the plane of the film. 1 


‘M. Rubinstein, B. N. Das, N. C. Koon, D. B. Chrisey, and J. Horwitz, Phys. 
Rev. B 50, 184 (1994). 
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Magnetoresistance of granular Cu-(Co,Fe) and Cu-Co-B (abstract) 

R. v. Helmolt 

Siemens AG, Research Laboratories, 91052 Erlangen, Germany and Institute of Physics, 

University of Augsburg, 86159 Augsburg, Germany 

J. Wecker 

Siemens AG, Research Laboratories, 91052 Erlangen, Germany 

K. Samwer 

Institute of Physics, University of Augsburg, 86159 Augsburg, Germany 

Giant magnetoresistance (GMR) is known to occur in alloys consisting of superparamagnetic 
precipitates in a metallic matrix. This had been demonstrated for the first time for Cu-Co prepared 
as co-sputtered thin films 1 and later for rapidly quenched alloys. 2 For Cu-Fe no GMR has been 
reported even in multilayer systems. In order to study the transition from Cu-Co to Cu-Fe in more 
detail we prepared quasibinary Cu 90 Co 10 _ x Fe x ribbons by conventional melt spinning followed by 
an annealing treatment to precipitate Co-Fe clusters in the Cu matrix. The particle sizes of the 
ferromagnetic phase have been determined by fitting the magnetization and magnetoresistance 
curves with a Langevin function. The saturation magnetization increases with increasing Fe content 
x for x =£4 as expected from the Slater-Pauling curve. However, a strong decrease of the 
magnetization is observed at high Fe contents. The GMR effect continuously decreases with 
increasing Fe content and for *>0.7 no GMR is observed, similar to Cu-Fe multilayers. Small B 
additions were added to Cu-Co in order to improve the homogeneity of the as-quenched ribbons. For 
these samples the magnetoresistance is suppressed even by small B additions below 3 at. %. This is 
different from the Au-Co system, where B additions of up to 20% enhance the GMR effect. 3 


This work was supported by the German Ministry for Research and Tech¬ 
nology (BMFT). 
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Evolution of recombination in a solid HDDR processed Nd 14 Fe 7 gB7 alloy 
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D. Lavielle and D. Pere 

Rhone Poulenc, Centre de Recherches d’Aubervilliers, France 

I. R. Harris 
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A high-resolution scanning electron microscope was used to study the microstructural changes 
occurring during the desorption and recombination stages in a cast Nd 14 Fe 7 9 B 7 alloy HDDR 
processed at 780 °C. Phase identification was based on backscattered electron contrast. In the early 
stages of desorption, the disproportionated structure in the matrix coarsens to produce a mixture of 
Nd-rich (NdH 2 and/or Nd) and Fe-rich (aFe and/or Fe 2 B) clusters. At the center of the specimen, 
regions of recombined multicrystalline Nd 2 Fe 14 B phase are observed associated with Nd- and 
Fe-rich clusters. When desorption of hydrogen is almost complete, the microstructure consists of a 
Nd 2 Fe 14 B matrix with a few remaining Nd- and Fe-rich clusters. The subsequent completion of 
recombination results in a multigrained Nd 2 Fe 14 B structure, some grains being separated by Nd-rich 
material. The magnetic properties of the Nd 14 Fe 79 B 7 alloy have been measured at significant stages 
during the desorption/recombination process at 600 °C, the stages being deduced from electrical 
resistivity measurements. Initially, the material is noncoercive with a high magnetization at 1100 
kA/m, reflecting the high proportion of aFe in the sample. As recombination proceeds, the 
magnetization drops and the coercivity increases as the fine-grained Nd 2 Fe 14 B develops and the aFe 
disappears. 


I. INTRODUCTION 

The Hydrogenation- Disproportionation-Desorption and 
Recombination process (HDDR) 1,2 transforms a coarse¬ 
grained ingot (cast or homogenised) into a friable, powdered 
material with submicrometer grain size. The first stage re¬ 
sults in the hydrogenation and decrepitation of the ingot (HD 
process). 3 The disproportionation reaction occurs at elevated 
temperature and produces an intimate mixture 2,4 of aFe, Nd 
hydride, and Fe 2 B. Recombination occurs on hydrogen de¬ 
sorption at high temperature. The main potential of these 
coercive powders is to produce polymer bonded 1 and hot 
pressed 5 magnets. 

It is possible to disproportionate solid blocks of Nd-Fe-B 
based alloys without decrepitating them by using very high 
heating rates under hydrogen 6 or introducing hydrogen at 
high temperature. 7 It has been observed that, in Nd !6 Fe 76 B 8 , 
the disproportionation process begins at the grain boundaries 
at the Nd hydride/Nd 2 Fe 14 B interface and then progresses 
into the matrix phase. 8,9 The block does not decrepitate as in 
the HD process. The process is referred to as “solid HDDR” 
and can be usefully employed to study the development of 
the HDDR microstructure because of the modified reaction 
kinetics. 

II. EXPERIMENTAL PROCEDURE 

Differential thermal analysis (DTA) was carried out in 
order to determine the starting temperatures of disproportion¬ 
ation in a hydrogen atmosphere and recombination under 
vacuum. The solid HDDR was carried out at 780 °C in an 
initial hydrogen pressure of 1 bar. Hydrogen was evacuated, 
and the samples held under vacuum for 20, 40, and 70 min at 


780 °C. Finally, the samples were quenched in order to fix 
the recombined structure. The observations were carried out 
with a high-resolution field-emission scanning electron mi¬ 
croscope (Hitachi 4000) using the backscattered electron 
mode. 

An electrical resistivity monitoring method 8 was used to 
follow the average state of three samples during recombina¬ 
tion at 600 °C under vacuum, after disproportionation at 
700 °C in an initial hydrogen pressure of 0.7 bar. These low 
temperatures were chosen in order to slow the reaction and 
study only the transformations occurring in the matrix phase 
by avoiding the desorption and melting of the intergranular 
Nd-rich phase. 10 Intrinsic coercivity and magnetization at 
1100 kA/m were measured with a vibrating sample magne¬ 
tometer (VSM). 

ill. RESULTS AND DISCUSSION 

A. Determination of the desorption temperature 

Figure 1 represents the DTA graph showing the desorp¬ 
tion of hydrogen from the disproportionated material with 
increasing temperature. The first peak starting at =100 °C 
corresponds to the transformation from NdH 2+x to NdH 2 that 
takes place within the disproportionated matrix and Nd-rich 
intergranular phase. The two peaks, starting at =600 °C, rep¬ 
resent first, desorption of hydrogen from the disproportion¬ 
ated matrix and also recombination and second, from the 
Nd-rich grain-boundary phase. 11 

B. Microstructures of samples desorbed at 780 °C 

During solid hydrogenation and disproportionation, a 
disproportionated front moves from the edges towards the 
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FIG. 1. AT and pressure traces vs temperature of the hydrogen desorption 
of the disproportionatcd Nd I4 Fe 79 B 7 material. 


center of the specimen. Because of the hydrogen diffusion 
during absorption and desorption, the microstructure of a 
solid disproportionated and recombined sample, at a given 
temperature and initial hydrogen pressure, depends on the 
region observed in the specimen and also the position con¬ 
sidered in the original Nd 2 Fe 14 B grains. The evolution of the 
microstructure with time, during the solid HDDR process, 
also depends upon the total volume of the specimen. Times 
given in the present work must therefore be considered in the 
light of these factors. It should also be noted that at 

655 °C, the Nd-rich material melts as soon as the trans¬ 
formation of NdH 2 into metal Nd occurs. 12 

In the specimen, desorbed for 20 min, the distribution of 
the original grain boundaries, most of which contain 
NdFe 4 B 4 and Nd-rich phases, has not been altered by this 
process and appears to be the same as in the cast material. 
Residual free-iron dendrites, present in the cast state, could 
also be observed. The colony-type structure, 8,9 observed in 
the matrix of disproportionated samples, has coarsened as 
shown in Fig. 2. The microstructure of the matrix, between 
the edges and the center of the sample, consists of small 
colonies of (a) lamellae, which are broader than those of a 
fully disproportionated matrix, indicating that coarsening has 
occurred, thus lowering the total interfacial energy. This mi¬ 
crostructure corresponds to the stage where the desorption 
reaction is dominant. At the center of the specimen, the re¬ 
combination of the Nd 2 Fe 14 B phase has begun and Fig. 3 
illustrates the formation of (d) the recombined, multicrystal¬ 
line Nd 2 Fe 14 B phase from the surrounding (e) Nd-rich and 
(f) Fe-rich particles. This microstructure is only located at 
the center of the sample occupying a very small volume frac¬ 
tion of the total volume. The specific identification of aFe 
and Fe 2 B has not been possible so far by SEM studies. 

Figure 4 shows the microstructure of a sample desorbed 
for 40 min. The structure is different from that shown in Fig. 
2, as the matrix consists now of (g) a multicrystalline 
Nd 2 Fe 14 B phase but still contains some remaining (h) Nd- 
rich and (i) Fe-rich clusters. This microstructure is similar to 
that of the Nd 2 Fe 14 B region shown in Fig. 3 and was also 
observed by Nakayama and Takeshita. 13 The scale of clear 
regions indicates multicrystalline Nd 2 Fe 14 B phase but indi¬ 
vidual crystallites cannot be imaged. Powder x-ray- 



FIG. 2. Backscattercd electron picture of a Nd 14 Fe 79 B 7 sample desorbed at 
780 °C for 20 min. (a) colonics of lamellae, (b) Nd-rich cluster, (c) Fe-rich 
cluster. 

diffraction analysis revealed that this sample consists pre¬ 
dominantly of the Nd 2 Fe, 4 B phase. 

Fully recombined samples were obtained after 70 min of 
desorption. This microstructure consists of submicrometer 
grains, some of which are delineated because they are sur¬ 
rounded by Nd-rich phase. 

C. Desorption and recombination at 600 °C 

Figure 5 represents the variation of normalized electrical 
resistivity [p(0)=resistivity at 600 °C before desorption] and 
hydrogen pressure with desorption time at 600 °C. Approxi¬ 
mately three different stages could be identified during re¬ 
combination, although in the bulk samples the various stages 
will overlap. When the temperature is lower than the melting 
point of Nd metal and the Nd-rich phase, it is possible to 
follow the recombination as a completely solid-state reaction 
occurring exclusively in the matrix phase and thus much less 
dependent upon the state and proportion of the intergranular 
Nd-rich phase. Thus, during desorption and recombination at 
600 °C, the Nd-rich phase remains in the hydrided state. In 
the first stage (stage I in Fig. 5), the desorption of hydrogen 



FIG. 3. Backscattered electron picture of a Nd 14 Fe 79 B 7 sample desorbed at 
780 °C for 20 mm. Id) region of recombined Nd 2 Fe, 4 B. (e) Nd-rich cluster, 
(0 Fe-rich cluster 
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FIG. 4. Backscattered electron picture of a Nd 14 Fe 79 B 7 sample desorbed at 
780 °C for 40 min. (g) Nd 2 Fe, 4 B phase, (h) Nd-rich cluster, (i) Fe-rich 
cluster. 


from NdH 2 , within the disproportionated structure, is the 
dominant reaction and is responsible for the resistivity drop 
as this reaction transforms semiconducting NdH 2 into metal¬ 
lic Nd. 7 The subsequent increase in resistivity (stage II in 
Fig. 5) is due to the consumption of aFe as the recombina¬ 
tion reaction proceeds. In order to study the mechanism of 
the recombination reaction, samples were obtained by 
quenching in vacuum at three stages (A, B, and C in Fig. 5) 
of the desorption and recombination process (stage II in Fig. 
5). Their magnetic properties were measured and compared 
with those of a specimen fully disproportionated at 700 °C. 

Figure 6 shows the demagnetization traces of the fully 
disproportionated specimen and the partially and fully de¬ 
sorbed samples. It can be seen that the magnetization of the 
fully disproportionated material at 1100 kA/m is the highest 
and its coercivity is the lowest, as expected from the pres¬ 
ence of aFe and the absence of the Nd 2 Fe 14 B phase. These 
results are in accordance with those reported by Book et al . 14 



FIG. 5. Electrical resistivity and pressure vs desorption time at 600 °C for a 
Nd 14 Fc 79 B 7 alloy Stage I: desorption of hydrogen from the matrix is the 
dominant reaction, stage II recombination is dominant and consists of three 
substages, A, B, and C. 
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FIG. 6. VSM traces of disproportionated (Disp) and partially desorbed 
(A,B»C) Nd 14 Fe 79 B 7 samples. 

At stage A, when the specimen is partially desorbed and 
recombined, the coercivity has not been modified signifi¬ 
cantly and the magnetization has decreased but is still high 
compared to that of the fully recombined sample. This indi¬ 
cates that the recombined Nd 2 Fei 4 B phase coexists with aFe. 
The second curve represents the demagnetization curve of a 
sample quenched at stage B, when the specimen is almost 
desorbed but still partially recombined. The coercivity has 
improved and the magnetization at 1100 kA/m has decreased 
significantly, thus indicating that the proportion of recom¬ 
bined phase is much larger compared to stage A. At stage C, 
when the sample is fully desorbed and recombined, the co¬ 
ercivity has improved considerably, whereas the magnetiza¬ 
tion at 1100 kA/m has decreased slightly compared to that of 
the previous sample. This indicates that the remaining aFe 
was removed between stages B and C. The microstructures 
of all these specimens are currently under investigation and 
will be reported at a later date. 15 
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Effects of HDDR treatment conditions on magnetic properties of Nd-Fe-B 
anisotropic powders 
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It is reported that Nd-Fe-B magnetic powders prepared by utilizing the HDDR (hydrogenation, 
disproportionation, desorption, and recombination) phenomena exhibit high coercivity, and the 
addition of Co, Ga, and Zr induces i*ic anisotropy in these powders. HDDR phenomena are 
caused by the heat treatment in hydrog. reatment) and subsequently in vacuum (V treatment). 

Present works describe the effects of V-treatment conditions on magnetic properties of 
Nd 126 Fe bal Co*B 6 0 (*=0-17.4) alloys. The powders V-treated at lower temperature show lower 
remanence and no noticeable magnetic anisotropy. V treatment at higher temperature enhances 
remanence and increases the differences of remanence between the powders aligned with and 
without magnetic field. Higher values are obtained in Co added alloys. This result suggests that a 
selective grain growth of Nd 2 Fe 14 B grains during V treatment plays an important role for the 
inducement of magnetic anisotropy in HDDR-treated powders. The temperature for complete 
recombination reaction under evacuating condition decreases with increasing Co content. It can be 
said that Co addition enhances recombination reaction and results in acceleration of grain growth. 


I. INTRODUCTION 

Hydrogenation, disproportionation, desorption, and re¬ 
combination (HDDR) phenomena 1,2 in Nd-Fe-B alloys are 
caused by the heat treatment in hydrogen (H treatment) and 
further treatment in vacuum (V treatment). Nd 2 Fe 14 B com¬ 
pound disproportionates into a mixture of NdH 2 , a-Fe, and 
Fe 2 B at an elevated temperature of around 800 °C in H treat¬ 
ment. Removal of hydrogen in the mixture by subsequent V 
treatment reforms the Nd 2 Fe 14 B compound with homoge¬ 
neous and fine grains of about 0.3 ptm in diameter, which is 
close to the single domain size of Nd 2 Fe, 4 B. This results in 
high coercivity in HDDR-treated Nd-Fe-B powders. 

Since it has been reported that Co, Ga, Zr, and Nb addi¬ 
tion induces magnetic anisotropy through this phenomena, 3 
Nd-Fe-B powders produced by utilizing HDDR phenomena 
have been candidates as powders for high performance 
bonded magnets. But the mechanism for inducement of mag¬ 
netic anisotropy is still unclear. One of the proposed mecha¬ 
nisms has been reported, in which the role of Co is to depress 
the disproportionation reaction during H treatment especially 
at high temperature. The origin of anisotropy is due to the 
undecomposed fine particles which inherit a crystallographic 
relationship with newly formed grains. 4 These works are 
only concerned with H treatment conditions on magnetic 
properties and microstructure. But the magnetic anisotropy 
might be varied not only with H treatment but with V treat¬ 
ment. Then the purpose of this study is to investigate the 
effects of V-treatment temperatures on magnetic anisotropy 
in Nd, 26 Fe 814 ^Co ( B 60 (*=0-17.4) alloys. 

II. EXPERIMENTAL PROCEDURE 

The diagram of the experimental procedure is shown in 
Fig. It,a). The compositions of studied alloys were 
Nd, 26 Fe 814 _,Co,B 60 (*=0,5.8,11.6,17.4). The alloys were 
induction-melted from high-purity elements under an Ar at¬ 
mosphere and then were homogenized at 1100 °C for 20 h. 
The homogenized ingots were ground into powders of <63 


ptm and pressed into compacts. These compacts were used 
for investigating the hydrogen absorption and desorption 
characteristics, which were measured by monitoring the dif¬ 
ference between the flow rate in front and in the rear of the 
furnace (called AQ hereafter). Details on AQ measurement 
are described elsewhere. 5 H treatment and further V treat¬ 
ment (referred to as HV treatment) was performed on 
crushed ingots and sintered bodies which were magnetically 
anisotropic. The process of HV treatment is schematically 
illustrated in Fig. 1(b) and details of HV treatment are de¬ 
scribed elsewhere. 5 H treatment was carried out at 850 °C for 
2 h which was the same condition as used in Ref. 1. Subse¬ 
quent V treatment was made at 700-950 °C for 1 h. 

HV-treated samples were ground into powders of <63 
yum by hand milling. These powders were mixed with molten 
paraffin and were solidified with or without applying a mag¬ 
netic field of 12 kOe. Magnetic properties were measured by 
a vibrating sample magnetometer with the maximum applied 
field of 15 kOe after applying a pulsed field of 50 kOe to the 
sample. 

X-ray diffractions with Fe Ka radiation were carried out. 

III. RESULTS AND DISCUSSION 

The characteristics of hydrogen absorption and desorp¬ 
tion of Nd 126 Fe 8J 4 _*Co,B 60 (*=0,11.6,17.4) on heating at 
a rate of 400 °C/h are shown in Fig. 2. It consists of two 



FIG. 1 tat Diagram of experimental procedure and (b) schematic illustra¬ 
tion of the process of HV treatment 
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FIG. 2. Hydrogen absorption and desorption characteristics of 
Nd 126 Fe 81 4 _,Co ( B 60 (jc= 0,11.6,17.4) on heating at a rate of 400 °C/h. 


absorption peaks and two desorption peaks. X-ray-diffraction 
analysis reveals that the characteristics of hydrogen absorp¬ 
tion and desorption correspond to the phase changes during 
the heat treatment in hydrogen, and that the peaks indicate 
the reaction as follows: Absorption peaks at around 250 °C 
correspond to interstitial hydrogen uptake to form 
Nd 2 (Fe,Co) 14 BH x , and the desorption peaks covering 250- 
650 °C indicate hydrogen atoms leaving the interstitial site. 
Hydrogen absorption peaks at around 700 °C, corresponding 
to a disproportionation reaction into a mixture of NdH 2 , 
a-(Fe,Co), and (Fe,Co) 2 B phases. The desorption peaks ob¬ 
served above 900 °C correspond to the recombination reac¬ 
tions •' the original compound. The results described above 
are in good agreement with the reported ones by Harris 6 and 
Takeshita. 7 The shape of the peaks corresponding to the dis¬ 
proportionation reaction is narrow in both alloys with and 
without Co. Co added alloys show the recombination reac¬ 
tion at lower temperature. It can be considered that the dis¬ 
proportionation reactions are very drastic in the both alloys. 
It can also be said that the Co contained disproportionated 
mixture is less stable under an atmospheric pressure of hy¬ 
drogen, and tends to form Nd 2 (Fe,Co) 14 B compounds at 
lower temperature. 

Figure 3 shows the V-treatment temperature dependence 
in magnetic properties of HV-treated Nd 126 Fe 814 _,Co,B 60 . 
Coercivities increase with increasing V-treatment tempera¬ 
ture and exhibit maximum values at 850 and 800 °C in the 
alloys without and with Co, respectively. Co added alloys 
show higher coercivity at lower V-treatment temperature 
than the alloys without Co. In both alloys, remanence in¬ 
creases with increasing temperature and shows highest val¬ 
ues at 850-860 °C, which then decreases at above 880 °C. 
The alloys aligned with a magnetic field exhibit higher re¬ 
manence than the half values of saturation magnetization of 
each homogenized alloy, which correspond to the remanence 
of isotropic alloys and are shown by the dotted lines in Fig. 
3, in the temperature range between 800 and 900 °C. The 
differences of remanence between the alloys aligned with 
and without a magnetic field become larger at above 800 °C. 
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FIG. 3. V-treatment temperature dependence in magnetic properties of HV- 
treated Nd, 26 Fe 8l 4 _,Co i B 60 where (a) *=0, (b) 17.4. (Dotted line indi¬ 
cates halt values of saturation magnetization of each homogenized alloy) 

Judging from the magnetic properties shown in Fig. 3, the 
inducement of anisotropic aspect proceeds by the V treat¬ 
ment above 800 °C. 

Figure 4 shows x-ray-diffraction patterns of 
Nd 126 Fe 81 4 _ x Co*B 60 (x=0, 11.6, 17.4) alloys V-treated at 
700 °C, which is a relatively low temperature of V treatment. 
X-ray reflections from NdH 2 and a-Fe phases are dominant 
in Nd 126 Fe gl 4 B 6 0 powders. The intensity of reflections from 
the Nd 2 (Fe,Co) 14 B phase increases with increasing Co con¬ 
tent. It can be said that Co added alloys tend to form 
Nd 2 (Fe,Co) 14 B compound under evacuation condition. This 
results in higher coercivity at lower temperature in Co added 
alloys. 

Figure 5 shows x-ray-diffraction patterns of HV-treated 
Nd 126 Fe gl 4 B 60 powders which were pressed with a mag¬ 
netic field of 12 kOe. The x-ray-diffraction pattern of the 
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FIG. 4. X-ray-diffraction patterns of Nd 126 Fe sl 4 . ,Co,B 60 (a =0.11 6,17.4) 
V-treated at 700 °C. 
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FIG. 5. X-ray-diffraction patterns of Nd f2 6 Fc 81 4 B 6 0 V-trcated at (a) 800 and 
(b) 880 °C, which were milled to 2 yum and then pressed in a magnetic field. 


V-treated green compact at 800 °C, where remanence equals 
to the value of isotropic alloy and exhibits no difference 
between the alloys aligned with and without magnetic field, 
shows isotropic characteristics. But the V-treated one at 
880 °C exhibits intensive reflection from (006) which indi¬ 
cates alignment of grains in the powders. This feature is 
closely related to the difference in remanence at higher tem¬ 
perature shown in Fig. 3 and it would be due to grain align¬ 
ment. 

In order to investigate the texture change during V treat¬ 
ment, x-ray diffraction was performed on anisotropic sin¬ 
tered bodies after HV treatment. X-ray-diffraction patterns of 
Nd^FeMCo^Bgo sintered bodies (a) before HV treatment 
and (b) after V treatment at 880 °C are shown in Fig. 6. The 
diffraction pattern of an as-sintered sample shows an aniso¬ 
tropic characteristic since intensive reflections from (006) 
and (105) are observed in Fig. 6(a). High intensities of re¬ 
flections from (006) and (105) are also observed in the 
sample after V treatment at 880 °C shown in Fig. 6(b). It is 
considered that the V-treated powders at higher temperatures 
tend to form the same texture as the original samples before 
HV treatment. 

Taking account of the results shown in Fig. 5, it can be 
said that magnetic anisotropy in HV-treated powders is in¬ 
duced by high-temperature V treatment. It suggests that in¬ 
ducement of magnetic anisotropy proceeds through a selec¬ 
tive grain growth of Nd 2 Fe 14 B grains. Uehara et al. 
concluded that residual Nd 2 Fe 14 B grains among the dispro- 


FIG. 6. X-ray-diffraction patterns of Nd| 26 Fe 6 4 0 Co 174 B 60 sintered bodies 
(a) before HV treatment, and (b) after V treatment at 880 °C. 

portionated mixture after H treatment are the nuclei of re¬ 
combination during V treatment and Co makes this tendency 
noticeable. 4 Since the disproportionation reaction is very 
drastic and no difference can be observed in hydrogen ab¬ 
sorption and desorption characteristics below 900 °C in all 
the studied alloys from Fig. 2, it is anticipated that no re¬ 
sidual Nd 2 Fe 14 B phase exists after H treatment at 850 °C. If 
the oriented nucleation had been dominant, magnetic anisot¬ 
ropy would be induced by V treatment at lower temperatures. 
But in our results, shown in Fig. 3, the remanence of 
Nd ]26 Fe gl 4 B 60 powders V-treated at 800 °C and solidified 
with a magnetic field is almost the same as that without a 
magnetic field. The main effect of Co addition is to enhance 
the recombination reaction. 

'T. Takeshita and R. Nakayama, Proceedings of the 10th International 
Workshop on Rare Earth Magnets and Their Applications, Kyoto, 1989, 
(unpublished), Vol. I, p. 551. 

2 P. J. McGuiness, X. J. Zhang, X. J. Yin, and 1. R. Harris, J. Less-Common 
Met. 158, 359 (1990). 

J T. Takeshi'a and R. Nakayama, Proceedings of the 12th International 
Workshop on Rare Earth Magnets and Their Applications, Canberra, 1992 
(unpublished), p. 670. 

4 M. Uehara, H. Tomizawa, S Hirosawa, T. Tomida, and Y. Maehara, IEEE 
Trans. Magn. 29, 2770 (1993). 

5 H. Nakamura, S. Sugimoto, M. Okada, and M. Homma, Mater. Chem. 
Phys 32, 280 (1992). 

< ’T. Takeshita and R. Nakayama, Proceedings of the lltli International 
Workshop on Rare Earth Magnets and Their Applications, Pittsburgh, 
1991, Vol. I (unpublished), p. 49. 

7 1. R Harris, Proceedings of the 12th International Workshop on 
Rare Earth Magnets and Their Applications, Canberra, 1992 (unpub¬ 
lished), p. 347. 


6830 J Appl P!,/s., Vol 76, No 10,15 November 1994 


Nakamura et at. 






The use of polytetrafiuoroethylene in the production of high-density 
bonded Nd-Fe-B magnets 
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Rotary forging has been used to produce high-density bonded magnets from rapidly quenched 
Nd-Fe-B based ribbons [MQP-D, of nominal composition 28%Nd-56%Fe-15%Co-l%B (wt %)]. 
Polytetrafiuoroethylene (PTFE), when used as an additive (5%-15% by volume) has been found to 
act as an effective binder and greatly enhances the forgeability of the MQI, allowing higher forg'ng 
pressures to be used. Densities of up to 98% of the fully dense composite have been achieved. The 
forging process can be undertaken in air at room temperature. Magnetically, the compacts are 
comparable to conventional epoxy resin bonded MQI, with energy products of up to 84 kJ/m 3 . 
Equivalent volume fractions of MQI (~83.5 vol %) have been achieved in the compacts with 
increased PTFE content due to the displacement of pores by the PTFE. The effect of PTFE content 
on the mechanical strength of the compacts has been assessed and it has been found that strength 
increases with increasing PTFE content, consistent with the reduction in porosity. 


I. INTRODUCTION 

There are two principal methods used for processing Nd- 
Fe-B alloys into permanent magnets. The first is a conven¬ 
tional powder metallurgy process which is similar to that 
employed for the production of rare-earth cobalt magnets. 1,2 
The second involves the rapid quenching of the alloy from 
the melt. 3,4 The ribbons that result from rapid quenching 
have a high coercivity which can be attributed to the ex¬ 
tremely fine grained microstructure. Magnets can be pro¬ 
duced using rapidly quenched material by grinding, mixing 
with a binder, and then pressing. Various binders have been 
employed for this purpose including epoxy resins, 5 and more 
recently, polytetrafiuoroethylene (PTFE). 6 

It has been shown that high-density magnets can be pro¬ 
duced by rotary forging MQI with or without a soft metal 
binder. 7,8 MQI compacts forged with no binder were found to 
have poor mechanical integrity. PTFE was chosen as an ad¬ 
ditive to enhance the flow of the flakes, due to its low coef¬ 
ficient of friction, during forging. The PTFE was subse¬ 
quently found to act as an effective binder as well as 
allowing the forging of ribbon in air, where previously it was 
neces 'ary to forge in an inert atmosphere. 8 

It has been shown 6 that densities of 6.2 g/cm 3 can be 
achieved by the compression moulding of anisotropic Nd- 
Fe-B powder (prepared by the hydrogen decrepitation of hot 
deformed overquenched ribbon) With 2.1 wt % PTFE at a 
temperature of 250 °C under an argon atmosphere. The sub¬ 
ject of this paper is the formation by rotary forging, in air at 
room temperature of high-density compacts of isotropic 
melt spun ribbon using PTFE as a binder. 

II. EXPERIMENT 

Melt spun flake material was mixed with 5, 10, and 15 
vol % PTFE powder using a powder blender. 15 g batches 
were loaded into the die cavity of a rotary forging machine 
(Fig. 1). The contact area between the upper tool and the 
workpiece rotates around the top r, trface, producing a shear¬ 


ing action. The relatively small contact area means that lower 
overall loads are required to produce a given compaction 
compared with uniaxial pressing. The forging pressure in the 
hydraulic ram was varied to ascertain the optimum condi¬ 
tions with respect to compact density. Ejection of the com¬ 
pacts from the die was facilitated by the presence of PTFE. 

The magnetic properties were measured by demagnetiz¬ 
ing the compacts in a permeameter. The second quadrant 
demagnetization loop was obtained after pulse magnetizing 
the sample in a field of 4.5 T. The mechanical strength of the 
compacts was assessed using a method based on the ball on 
ring test. 9 Samples were supported around the edge of their 
base by a ring of 15 mm diameter while a load was applied 
to the center of the top surface via a steel sphere of 11 mm 



FIG. 1. A schematic representation of the rotary forging process. 
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FIG 2. The effect of forging pressure on the volume fraction of MQI. 

diameter. The cross head speed employed was 0.05 cm/min. 
The load required for fracture of the specimen was recorded 
on a chart recorder. 

III. RESULTS AND DISCUSSION 

The effect of varying the forging pressure on the volume 
fraction of MQI within the compact is shown in Fig. 2. Rela¬ 
tive densities were determined by dividing the actual density 
by the theoretical maximum and converting to a percentage. 
The volume fraction of MQI was then calculated by multi¬ 
plying the relative density by the volume fraction of MQI in 
the original composition. It can be seen from Fig. 2 that there 
is little difference in the maxima obtained for these three 
compositions, the largest MQI content being 83.8±0.5% for 
10 vol % PTFE and the lowest being 83.3±0.5% for 15 
vol % PTFE. 

For all three compositions, to the left of the maxima, the 
lower volume fraction of MQI is due to the lower forging 
pressure, producing compacts of lower density and hence 
higher porosity. The porosity within the compacts for the 
three compositions as a function of forging pressure is shown 
in Fig. 3. At forging pressures higher than those at which the 


20 — ---—— - ...--- 

' O 5 vol% PTFE 


0 - * 10vol%PTFE 

' —o— 15 vol% PTFE 



FIG. 3. The effect of forging pressure on the porosity content. 



FIG, 4. The variation of magnetic properties with forging pressure for 
MQI+15 vol % PTFE compacts. 


maxima in volume fraction occur, values decrease due to the 
onset of cracking at these pressures. The presence of cracks 
means that, despite the probability of there being regions of 
higher density within the compact, the overall density is 
lower than the maximum. 

The traces shown in Fig. 3 are consistent with the data 
shown in Fig. 2. It can be seen that the higher the PTFE 
content, the lower the porosity. This displacement of the 
pores by PTFE during forging accounts for the near¬ 
equivalent volume fractions of MOI being obtainable in 
compacts with higher PTFE content. From these investiga¬ 
tions it appears that the optimum forging pressure for 
MQI+5 vol % PTFE samples is 30 bars and for 10 and 15 
vol % PTFE, 40 bars. 

The effect of varying the forging pressure on the mag¬ 
netic properties of MQI+15 vol % PTFE compacts is shown 
in Fig. 4. It can be seen that, as expected, the remanence 
curve follows the same trend as the volume fraction of MQI 
curve obtained for these compacts. Variations in the forging 
pressure appear to have little effect on the coercivities of the 
compacts. The maximum energy products are also shown 
and it can be seen that the highest BH{ max) obtained was 
—84 kJ/m 3 for samples forged at 40 bars. 

A typical demagnetization loop for an MQI+15 vol % 
PTFE magnet is shown in Fig. 5. A curve for an epoxy 
bonded magnet of equivalent density is included for com¬ 
parison. Both magnets have comparable remanences but it 
can be seen that the epoxy bonded sample has a somewhat 
lower coercivity. This trend has been observed in all the 
magnets tested, and could be due to possible modification of 
the ribbon microstructure during forging. 8 The energy prod¬ 
uct of the PTFE bonded magnet is slightly higher, 84 ±1 
kJ/m 3 compared to 81 ±1 kJ/m 3 for the epoxy bonded mag¬ 
net. 

Table I shows the load required for mechanical failure of 
PTFE, zinc, and epoxy bonded compacts. An MQI+15 
vol % PTFE compact was also produced by compression 
moulding at 3 tons/cm 2 but this crumbled prior to testing, 
exhibiting a much inferior mechanical integrity compared 
with that of the rotary forged compacts. The zinc bonded 
sample was fabricated using an identical procedure to that of 
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FIG. 5. Demagnetization curves for PTFE and epoxy bonded magnets. 


the rotary forged PTFE bonded samples and the epoxy 
bonded sample was fabricated using a compression moulding 
technique and a low viscosity resin. All compacts tested had 
the same thickness. 

It can be seen that the load required for fracture in¬ 
creases almost linearly with increasing PTFE content. Both 
zinc and epoxy bonded compacts required a higher load to 
fail; indeed the epoxy bonded sample appears to be over 6X 
as strong as the MQI+15 vol % PTFE sample. However, a 


TABLE I. Load required for the fracture of various compacts. 


Sample 

Load to fracturc/iV 

MQI+5 vol % PTFE 

88 

MQI+10 vol % PTFE 

177 

MQI+15 vol% PTFE 

284 

MQI+15 vol % zinc 

373 

Heat treated MQI+15 

726 

vol % PTFE 


MQI+15 vol % epoxy 

1766 


subsequent heat treatment of the PTFE bonded samples can 
substantially improve their mechanical integrity. 10 

IV. CONCLUSIONS 

When PTFE is present during the rotary forging of MQI, 
it greatly increases the forgeability and also acts as a binder. 
The PTFE content can be increased without loss of MQI 
content due to the displacement of pores by the PTFE. Den¬ 
sities of up to 98% of the fully dense composite can be 
achieved resulting in energy products of up to 84 kJ/m 3 for 
the isotropic ribbon. 

The mechanical testing of compacts indicates that by 
increasing the PTFE content the mechanical integrity in¬ 
creases. The non-heat-treated compacts, however, are not as 
strong as either zinc or epoxy bonded compacts. Heat treat¬ 
ment of the PTFE bonded samples improves substantially 
their mechanical strength. 
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Addition of tungsten (1-2 at. %) is very effective in improving coercivity of (Nd,Dy)-(Fe,Co)-B 
sintered magnets both at room temperature and elevated temperatures in addition to improving 
thermal stability. Transmission electron microscopy shows that there exists a WFeB precipitate 
phase inside the Nd 2 Fe 14 B (2-14-1) matrix grain. The WFeB phase is plateletlike, and occasionally 
appears to have its largest dimension running parallel to the c axis of the 2-14-1 matrix phase. The 
orientation relationship between the WFeB precipitate and the matrix is found to be 
(102) wfcbI I (220)2 -14-1 » and [010 ]\vf c b!1[002] 2 .i 4.[. Domain walls jump from a position alongside the 
WFeB particles to a new position alongside others upon turning on magnetic field of the objective 
lens, as evidenced by Lorentz microscopy, denoting the ability of domain-wall pinning by the strain 
field around the WFeB precipitate. As a result, this provides extra hindrance to domain-wall motion 
and leads to enhanced coercivity and thermal stability, particularly at elevated temperatures. 


I. INTRODUCTION 

The high-temperature properties of Nd-Fe-B magnets 
have been found to improve dramatically by doping with 
some elements. 1 ' 4 When alloying both Co and Dy in the 
Nd-Fe-B magnets, addition of a third element such as Al, Ga, 
Nb, V, or Mo has been studied extensively and was shown to 
be effective in improving high-temperature magnetic proper¬ 
ties of Nd-Dy-Fe-Co-B magnets. 4 ' 6 The Nb-rich precipitates 
dispersed in the matrix were suggested to be responsible for 
the coercivity increase of Nb-containing magnets. 7 The com¬ 
bined substitutions of (Nb,Ga) or (Nb,Al) for partial Fe con¬ 
tent are effective in reducing the irreversible thermal loss and 
the temperature coefficient of remanence. 8 Sagawa et al. and 
Hirosawa et al. have shown that the addition of V or Mo is 
effective in improving the thermal stability of sintered Nd- 
Fe-B magnets, and a working temperature of over 200 °C 
may be possible. 5,6 

The effect of W addition on magnetic properties of Nd- 
Dy-Fe-Co-B magnets have been reported by us in a previous 
paper. 9 The observation of W-rich inclusions and precipitates 
in W-containing Nd-Fe-B magnets has also been reported 
elsewhere. 10 However, the crystallographic relationship be¬ 
tween these precipitates and the matrix phase has never been 
studied. In this paper, the results of microstructure study of 
W-containing magnets are presented and the reason for en¬ 
hanced coercivity is delineated. 

II. EXPERIMENT 

Alloy ingots of Nd 14 Dyi 5 Fe 71 _ x Co 6 W x B 75 (x=0 or 2) 
were prepared by induction melting under Ar protection, then 
made into sintered magnets (sintering at 1090 °C for 1 h) and 
heat treated (at 900 °C for 2 h then 550 °C for 1 h) under Ar 
atmosphere by conventional powder metallurgy processes as 
described in the previous paper. 9 Magnetic properties of sin¬ 
tered specimens were isothermally measured at temperatures 


between 25 and 150 °C by a B-H tracer after specimens were 
magnetized by a 5 T pulse field. The microstructure was 
studied by transmission electron microscopy in a JEOL 2000 
FX scanning transmission electron microscope (STEM) 
equipped with a LINK AN 10000 energy dispersive x-ray 
analyzer. 

III. RESULTS AND DISCUSSION 

Figure 1 shows coercivity versus temperature, up 
to 150 °C, for the optimally heat-treated 
NduDy^Fe^-jCOfiWjBvs (x=0, the blank, andx=2) mag¬ 
nets. The W-containing alloy shows remarkable intrinsic co¬ 
ercivity (iHc) as compared to the blank alloy. Furthermore, 
iHc values of the W-containing alloy are twice as large as 
that of blank alloy even at temperatures higher than 100 °C. 

It was speculated that the increased coercivity and ther¬ 
mal stability might be due to an intrinsic enhancement of 



FIG. t. Coercivity of sintered Nd 1 4 Dy 15 Fc 7) _magnets (.t - 0, 
the blank alloy, and x =2) vs temperature. 
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FIG. 2. WFcB platelet precipitates dispersed in Nd 2 Fc 14 B matrix of a 2 
at. % W-containing sintered magnet, the inset is the microdiffraction pattern 
(the marker=200 nm). 





FIG. 3. Large inclusion phase on the grain boundary (the markcr=2 //m). 


magnetocrystalline anisotropy field (H A ) arising from W al¬ 
loying. However, experiments on H A for both the blank and 
the 2% W-containing alloys showed the same value of 7.8 T. 
That is to say, the improvement might be due to extrinsic 
reasons. 

It has been reported that W is not completely dissolved 
into the matrix 2-14-1 phase, and W-rich inclusions and pre¬ 
cipitates exist in the W-containing magnets. 9,10 In other re¬ 
ports in which V- or Mo-containing Nd-Dy-Fe-Co-B alloys 
were studied, V 2 FeB 2 or Mo 2 FeB 2 phases were observed, 
respectively. 11,12 

Figure 2 shows the platelet precipitates dispersed inside 
the 2-14-1 matrix grains of W-containing magnet. Since the 
precipitates are generally smaller than 200 nm in thickness, 
the microdiffraction method, in which a focused electron 
probe is used to acquire the diffraction patterns, was per¬ 
formed in order to reduce the contribution from the sur¬ 
rounding 2-14-1 matrix phase. The precipitates were indexed 
as orthorhombic W-Fe-B (1-1-1) phase with lattice param¬ 
eters a =0.582 nm, b =0.316 nm, and c =0,681 nm. A dif¬ 
fraction pattern is shown as the inset of Fig. 2. By analyzing 
diffraction patterns taken from the junction between the pre¬ 
cipitate and matrix phase, it is found that there exists an 
orientation relationship between them, that is 

(1 0 2) WHeB ||(2 2 0 ) 2 . I4 . ( 1 ) 

[0 1 0] WFeB ||[0 0 2 J 2 . 14 .,. (2) 

Crystallographically, the platelet precipitate is found to 
be identical to the larger W-containing inclusions present at 
grain boundaries, even though their dimension is one order 
of magnitude larger and their morphologies are quite differ¬ 
ent from each other. The inclusions on the grain boundaries 
are usually equiaxed as shown in Fig. 3. These two kinds of 
particles are suggested to appear at different stages in the 
manufacturing processes. The inclusions are the broken bits 
of W-rich dendrite in the cast ingot as evidenced by an opti¬ 
cal microscope. The platelets inside the matrix grains are 


believed to precipitate out of supersaturated W-containing 
matrix phase during the heat-treatment stage (900-550 °C). 

It was occasionally observed that the largest dimension 
of these precipitates runs parallel to the c axis of the 2-14-1 
phase, as identified by the electron-diffraction pattern taken 
from the matrix phase near the precipitate (Fig. 4). The pre¬ 
ferred orientation of the precipitate thus results in aligning 
their largest dimension parallel to the domain wall, as shown 
in Fig. 5(a). Therefore the precipitates can very effectively 
act as domain-wall-pinning sites, as clearly shown by the 
Lorentz microscopy micrographs in Figs. 5(a) and 5(b). In 
the micrograph shown in Fig. 5(a), taken with the TEM 
specimen experiencing virtually no externally applied field, 
the domain wall (white line in the middle of the micrograph) 
is straight and sits alongside two precipitates (arrowed). The 
micrograph in Fig. 5(b) is taken after turning on the objective 
lens of the electron microscope; the domain-wall jumps left 
over the middle larger precipitate and bowed around the 
other precipitates (arrowed). Thus the dispersed platelet pre¬ 
cipitates are effective as domain-wall-pinning sites. How- 



FIG. 4, The electron-diffraction pattern taken from the matrix phase near the 
WFcB precipitate (the marker=200 nm). 
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FIG. 5. Lorcntz microscopy showing domain-wall motion nearby WFeB 
precipitates, (a) A straight domain-wall site alongside arrowed precipitates, 
without external field, (b) the domain-wall jump to the left and rest along¬ 
side other arrowed precipitates upon turning on an external field (the 
marker=l /cm). 

ever, the WFeB phase, being nonmagnetic, is not able to 
interact with domain wall itself. It is believed that the strain 
field around the fine coherent precipitates inside the 2-14-1 
grains are responsible for the pinning action to the domain 
walls. 

For a sintered Nd-Fe-B magnet, it is proposed that nucle- 
ation of reverse domain prevails and the domain wall of a 
reverse domain, once nucleated, can sweep across the grain 
without difficulty. 13 The fine WFeB precipitate provides ex¬ 
tra hindrance to domain-wall motion across the grain through 
the strain field around them, hence is responsible for the 
extremely high coercivity and thermal stability of the 
W-containing magnets. On the other hand, but to a lesser 
extent, the W-rich inclusions present on the grain-boundary 
regions might impede the grain growth of the 2-14-1 phase 
during sintering, giving rise to a fine grain structure which is 
also essential for high coercivity. Since the refractory WFeB 
phase is thermally stable at elevated temperatures, the ability 
of acting as domain-wall-pinning sites sustains to high tem¬ 
perature. 


IV. CONCLUSIONS 

Coercivity of (Nd,Dy)-(Fe,Co)-B sintered magnets, both 
at room temperature and elevated temperatures, and thermal 
stability can be very effectively improved by the addition of 
tungsten (1-2 at. %). Transmission electron microscopy 
studies show that there exists a WFeB precipitate phase in¬ 
side the Nd 2 Fe 14 B (2-14-1) mrtrix grain. The WFeB phase is 
plateletlike, and occasionally appears to have its largest di¬ 
mension running parallel to the c axis of the 2-14-1 matrix 
phase. The orientation relationship between the WFeB pre¬ 
cipitate and the matrix is found to be ( 102 ) WFeB ||( 220 ) 2 - 14 - 1 , 
and [010] WFcB ||[002] 2 .i4.i. Domain walls jump from a posi¬ 
tion alongside the WFeB particles to a new position along¬ 
side other WFeB particles upon turning on magnetic field of 
the objective lens, as evidenced by Lorentz microscopy, de¬ 
noting the ability of domain-wall pinning by the strain field 
around the WFeB precipitate. Consequently, this refractory 
precipitate provides extra hindrance to domain-wall motion 
and leads to enhanced coercivity and thermal stability, par¬ 
ticularly at elevated temperatures. 
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The magnetic properties of the tetragonal ThMn 12 -type /?Co ]0 Mo 2 compounds have been 
investigated by means of magnetic measurement and x-ray diffraction. It is found that the Co 
moment is roughly the same in all /?Co )0 Mo 2 compounds (0.9 fi B /C o), excepting CeCo 10 Mo 2 (0.7 
H b /Cq). It is also found that the Co sublattice displays easy c-axis magnetization. Nonaxial behavior 
at room temperature is observed only for SmCo 10 Mo 2 , whereas in ErCo 10 Mo 2 a spin reorientation 
occurs from axial to planar magnetization upon cooling below T sr =125 K. These results suggest 
that the A 2 term, mainly responsible for the rare-earth-sublattice anisotropy has the same sign as in 
the f? 2 Fe l4 B series (A 2 >0). This is in contrast to other ThMn 12 -type compounds (/?Fe 10 V 2 , /JFe u Ti) 
where it is generally assumed that A 2 <0. The inteisublattice coupling of ErCo 10 Mo 2 has been 
determined by means of the high-field free-powder method. 


I. INTRODUCTION 

Many novel Fe-rich rare-earth-based permanent-magnet 
materials have comparatively low Curie temperatures and 
hence require Co substitution for Curie temperature enhance¬ 
ment. Well-known examples are Nd 2 Fe l4 B, SmFe n Ti, and 
SmFe 10 Mo 2 . In order to study the effect of Co substitution 
on Curie temperature, magnetization, intersublattice¬ 
coupling constant, and anisotropy field in /?Fe 1() Mo 2 com¬ 
pounds, we have studied the magnetic properties of the 
f?Co, 0 Mo 2 series in pure form. 

II. EXPERIMENT 

The compounds of the ftCo i0 Mo 2 type were prepared by 
arc-melting stoichiometric mixtures of the metallic constitu¬ 
ents of at least 99.9% purity. After arc melting, the polycrys¬ 
talline specimens were wrapped in tantalum foil, sealed into 
evacuated quartz tubes, and annealed at 1000 °C for 4 weeks. 
The samples were quickly cooled to room temperature after 
annealing by breaking the quartz tubes under water. Subse¬ 
quently, the samples were investigated by x-ray powder dif¬ 
fraction and found to be approximately single phase. The 
x-ray patterns were indexed on the basis of the ThMn 12 -type 
of structure. For each compound, the free-powder magneti¬ 
zation was measured at 4.2 K as a function of applied mag¬ 
netic fields up to 35 T, using the High-Field Installation at 
the University of Amsterdam. 1 In order to investigate the 
presence of spin-reorientation transitions between 4.2 K and 
room temperature, ac-susceptibility measurements were 
made on several compounds in the /?Co 10 Mo 2 series. 


III. EXPERIMENTAL RESULTS 

From x-ray-diffraction experiments on magnetically 
aligned powders, it was derived that at room temperature the 
easy-magnetic direction in the /?Co u ,Mo 2 compounds is par¬ 
allel to the c-axis. The only exception is SmCO| 0 Mo 2 where 
the easy-magnetization direction is perpendicular to the 
c-axis. These results confirm earlier observations by Xu and 
Shaheen. 2 

ac-susceptibility measurements show no temperature- 
induced spin reorientations except in ErCo 10 Mo 2 and 
Er 08 Y 02 Co 10 Mo 2 (see Fig. 1). The sharp cusp observed for 
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T (K) 


FIG. 1. Temperature dependence of the ac susceptibility for BrCo 10 Mo 2 
(solid line) and Er 0g Yg 2 Co 10 Mo 2 (dashed line) 
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B (T) 

FIG. 2. Magnc.ic isotherms at 4.2 K measured on magnetically aligned 
powders of PrCo 10 Mo : and NdCo l0 Mo 2 . Open circles correspond to the 
field parallel to She alignment direction and filled circles to perpendicular to 
the alignment direction. 


both materials is taken as evidence of spin reorientations 
from Mlc (at low temperature) to M\\c (at high tempera¬ 
ture), at 125 K in ErCo 10 Mo 2 and at 115 K in 
E r o 8 Yo. 2 Co 10 Mo 2 . From the magnetic measurements on 
RCo 10 Mo 2 compounds by Xu and Shaheen, 2 it can be de¬ 
rived that the moments of the light rare earths couple parallel 
to the Co moments and that the moments of the heavy rare 
earths couple antiparallel to the Co moments, as is usually 
observed. 3 Therefore no information on the intersublattice¬ 
coupling strength can be derived by means of the high-field 
free-powder (HFFP) method 4,5 for the compounds with the 
light-rare-earth elements. The isotherms of these compounds 
were therefore studied only in fields up to 20 T. 

The magnetization at 4.2 K of magnetically aligned 
powders of ?rCo 10 Mo 2 and NdCo, 0 Mo 2 is shown in Fig. 2. 
The anisotropy field B A for PrCo 10 Mo 2 equals approximately 
25 T. In NdCo 1() Mo 2 there is a field-induced change of the 
magnetization direction, the critical field being equal to 
6.5 T. 

The saturation moments Af(0) at 4.2 K were derived 
from the free-powder magnetization curves by extrapolation 
to B=0. These values ar listed in Table I. The anisotropy in 
CeCo 10 Mo 2 and GdCo 1() Mo 2 is predominantly that of the Co 


TABLE I. Magnetic properties of /?Co 10 Mo 2 compounds 


Compounds 

A/(0) 

Mr 

A/o, 

YCo 10 Mo 2 

8.5 

0 

8.5 

CeCo 10 Mo 2 

6.5 

0 

6.5 

PrCo 10 Mo, 

11.2 

3.2 

8.0 

NdCo 10 Mo 2 

10 6 

3.2 

7.4 

SmCo 10 Mo 2 

95 

0.7 

88 

GdCo 10 Mo 2 

1.9 

7.0 

7.0± 1.9 

TbCo !0 Mo 2 

0.1 

9.0 

9 0±0.1 

DyCoioMo 2 

0.3 

10.0 

10.0±0.3 

HoCo 10 Mo 2 

0.3 

10.0 

10.0±0.3 

Er 08 Y 02 Co 10 Mo 2 

1.4 

7.2 

-J 

to 

1+ 

ErCo 10 Mo 2 

0.0 

9.0 

9.0 



B (T) 

FIG. 3. Magnetic isotherms at 4.2 K of RCo ]0 Mo 2 compounds (R =Gd, Tb, 
Dy, Ho, and Er) measured on powder particles that arc free to rotate m the 
sample holder. 


sublattice since Ce is tetravalent and Gd is an 5-state ion. 
The deviating valence of Ce follows from the lattice con¬ 
stants. 

In order to obtain experimental information on the 
intersublattice-coupling strength we have studied how the 
low-field ferromagnetic state is affected by an applied field 
by measuring the magnetization of free single-crystalline 
powder particles of the compounds formed with the heavy 
rare earths in applied fields up to 35 T. Results obtained on 
the /?Co 10 Mo 2 compounds with /?=Gd, Tb, Dy, Ho, and Er 
are shown in Fig. 3. The observation that the magnetic iso¬ 
therms pass almost through the origin for the compounds 
with R=Tb, Dy, Ho, and Er means that the /Gsublattice 
magnetization M R and the Co-sublattice magnetization M Co 
are nearly equal to each other in these materials. 

In practically all R-T intermetallics previously investi¬ 
gated by means of the HFFP method, 5 the 7’-sublattice an¬ 
isotropy is much smaller than the R-sublattice anisotropy. In 
these cases, the former can be ignored and the R -sublattice 
magnetization can be parallel to the easy-magnetization di¬ 
rection and to remain so during the bending process. The free 
energy is given by 

E=E a R +Ec' 0 + n RCo M r M Co cos a-BM. (1) 

The magnetization M is given by M-{M 2 R J rM 2 Co 
+ 2M r M Co cos a) 1/2 . 

In deriving the magnetization by minimizing the free 
energy, only the last two terms in Eq. (1) need to be taken 
into consideration. In this case, the intersublattice-coupling 
constant n RT can be obtained straightforwardly from the 
magnetization in the region where the bending process from 
the ferrimagnetic configuration to the forced ferromagnetic 
state occurs (n RT =[MIB]~ l ). 

In the RCo !0 Mo 2 compounds, however, it is no longer 
legitimate to neglect the Co-sublattice anisotropy. If only the 
first-order anisotropy constants X? and K^° are taken into 
account, the free-energy expression reads 
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FIG. 4. Schematic representation of the orientations of M R and M Ca in an 
external field for a free single crystal. 




B[T) 


E = Kl sin 2 0+/cf° sin 2 ( 6+ a) + n RCo M R M Co cos a-BM. 

( 2 ) 

The angles 0 and a are defined in Fig. 4. Due to the presence 
of the two anisotropy terms in Eq. (2) neither of the two 
sublattice magnetizations will remain oriented along the cor¬ 
responding easy-axis direction during the process that the 
two sublatticc magnetizations bend towards each other under 
influence of the external field. This leads to a nonlinear be¬ 
havior of the magnetic isotherm. 10 ' 11 

By minimizing the free energy given in Eq. (2), the fol¬ 
lowing expression for the magnetization can be derived: 

B 2K\K\ 

M~ nAB ~M A M B \K\ C ™ (3) 

with 

|KH(K?) 2 + (K?) 2 + 2^K? cos 2a] 1/2 . 

By fitting the experimental magnetization curves to this ex¬ 
pression, details about n RCo and the anisotropy constants can 
be obtained. 

As an example we analyzed the magnetization curve of 
ErCoi 0 Mo 2 . The result of the fitting procedure is shown in 
Fig. 5. The parameters obtained ar Kf= -4.32X 1CT 22 J/f.u., 
<°=1.13X10" 22 J/f.u., and k EiCo = 3.06X 10 23 Tf.u./Am 2 , 
A/ E[ =9.0 (i B f. f.u., and A/ Co =8.35 /x B /f.u. When expressed by 
means of the Hamiltonian H=2 JeiCoSei'Scoi the value of 
~h<cJk * s equal to 6.7 K. One can see in Fig. 5 that the Er- 
and Co-sublattice moments will become parallel at about 60 
T. In the bending process, the Er-sublattice moment oscil¬ 
lates around its easy direction (basal plane). 


FIG. 5. (a) Comparison of the experimental am) calculated magnetizations 
of ErCo 10 Mo 2 (b) calculated field dependence of the orientations of the Er- 
and Co-sublatticc moments. 

It should be mentioned that in order to obtain the infor¬ 
mation about the magnetic coupling between R and Co sub¬ 
lattices for the other f?Co 10 Mo 2 compounds, all the magne¬ 
tization curves shown in Fig. 2 should be analyzed taking 
into account the anisotropy of the two sublattices. This 
analysis which presently is carried out may be very different 
for the different rare-earth ions. For instance, for R— Ho, 
high-order anisotropy constants have to be taken into ac¬ 
count. 
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Magnetic hardening by crystallization of amorphous precursors using very 
high heating rates 
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The dependence of the treatment parameters of the coercivity of PrNdFeB samples prepared by 
crystallization of melt spun amorphous precursors is investigated. The crystallization treatments 
were carried out at high temperatures and using very high heating rates (“flash crystallization”). 

From the analysis of the temperature dependence of the critical field of the samples, it is concluded 
that this kind of crystallization treatment leads to very fine and homogeneous microstructures which 
result in a significant enhancement of the hard magnetic properties. 


I. INTRODUCTION 

The crystallization of amorphous alloys is usually de¬ 
scribed by specifying the fraction of material which is trans¬ 
formed either after a certain time at a given temperature (iso¬ 
thermal crystallization) or after a certain time when the 
material is heated up at a constant rate (continuous heating 
crystallization). 1 Nevertheless, for a given percentage of 
transformed material and depending on the concrete values 
of the treatment parameters, both the phase distribution and 
especially the microstructure of the crystallization product 
can be significantly different. 2 This is due to the different 
kineti -s of the elemental processes (i.e., nucleation and grain 
growth) involved in the crystallization and has a very inter¬ 
esting consequence: the possibility of optimizing the hyster- 
etic properties of the crystallized material, which depend 
very sensitively on the microstructure. As it is shown in a 
previous work, 2 the use of high heating rates up to the treat¬ 
ment temperature allowed, in the case of NdDyFeB melt 
spun samples, optimizes the phase distribution of the crystal¬ 
lization product through the inhibition of the precipitation of 
the excess of a-Fe. Also, the accomplishment of crystalliza¬ 
tion at high temperatures favors the increase of the nucle¬ 
ation, which results in homogeneous microstructures. 1 In the 
present work, the coercivity of amorphous melt spun 
PrNdFeB samples crystallized by using a high heating rate 
and short-time anneals (“flash crystallization”) is experi¬ 
mentally studied and correlated to the treatment parameters. 

II. EXPERIMENTAL RESULTS AND DISCUSSION 

Samples with nominal composition Nd 9 Pr 6 Fe 76 B 9 were 
prepared by means of the single roller melt spinning tech¬ 
nique (tangential speed of the roller, 20 m s -1 ). According to 
x-ray diffraction (XRD) the as-quenched samples were amor¬ 
phous. From differential scanning calorimetry (DSC) ther¬ 
mograms carried out at 160 °C min -1 , two consecutive crys¬ 
tallization stages, respectively, taking place at 620 and 
690 °C were observed. The crystallization product consisted 
of a majority 2:14:1 phase. 

The flash crystallization treatments were carried out by 
sandwiching some flakes of the amoiphous precursor in be¬ 
tween two ribbons of resistive alloy through which it was 
possible to flow electric current pulses (see Fig. 1). Current 


densities J x , typically in the range from 1.6 to 1.9X10 3 
A cm -2 and pulse time widths t x , going from 1 to 12 s, were 
used. In order to protect the samples, and also to improve the 
homogeneity of the temperatures distribution, the flakes of 
the amorphous precursors were wrapped in a Ta foil which, 
in turn, was electrically isolated from the heating elements 
by means of mica foils. The whole setup was maintained 
under dynamic Ar atmosphere. 

In Fig. 2 we present the time evolution of the tempera¬ 
ture of the samples (measured by means of a low-mass ther¬ 
mocouple which was in good thermal contact with the Ta 
foil) when 16 A current pulses flow through the heating ele¬ 
ments (cross section 0.01 cm 2 ) for different pulse widths t x . 
The maximum temperature n, achieved for the different 
treatments increased with the width of the current pulse (up 
to 1200 °C in the case of the 8 s, 19 A pulse). The maximum 
heating rate (approximately 15 000 °C min -1 ) was achieved 
2.5 s after the beginning of the pulse. The inset in this figure 
presents, as a function of the pulse width t x , the total time 
r 700 for which the temperature of the sample was above 
700 °C (slightly above the temperature of the peak associated 
to the second crystallization stage as measured from DSC 
thermograms carried out at 160 °C min -1 ). Since, due to the 
dissipation characteristics of the system, the T vs t curves of 
all the different treatments showed the same the initial heat¬ 
ing regime, in the following we will use t 700 in addition to J x 
(or, equivalently, the current intensity I x ) to characterize our 
flash crystallization treatments. 


Low mass thermocouple 




FIG. 1. Setup used for the flash crystallization treatments 
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FIG. 2. Temperature of the samples vs time obtained with / I =16 A and 
different pulse widths t x . 


The microstructure of the crystallized samples was de¬ 
pendent on the treatment parameters. For short-time, low in¬ 
tensity pulses, the samples were partially crystalline (accord¬ 
ing to the XRD) as one would expect from the increase with 
increasing heating rate of the crystallization processes . 3 A 
scanning electron micrograph (SEM) of a typical fresh frac¬ 
ture surface taken in the sample crystallized by using 16 A 
for 4 s is shown in Fig. 3(a). In it an inhomogeneous two- 
phase microstructure characterized by the presence of voids 
and domes can be observed. In contrast with this, the 
samples treated by means of longer pulses were fully crys¬ 
tallized, a homogenous microstructure [similar to that shown 
in Fig. 3(b)] being observed. 

The study of the hysteretic properties of the samples was 
carried out by means of a SQUID magnetometer. Since our 
samples were isotropic, some reversible demagnetization oc¬ 
curred along the branches of the hysteresis loops correspond¬ 
ing to the first and second quadrants. Then, and in order to 
characterize the irreversible demagnetization, we considered 
the so-called critical field H ail , defined as the demagnetiza¬ 
tion field for which the maximum susceptibility is observed. 
In Fig. 4 we have plotted the dependence on f 70y of the 
room-temperature critical field. From this figure it is possible 
to observe that the critical field of the fully crystallized 
samples decreases with the increase of t 7(Xl . The deterioration 
of the critical field was basically related to the a-Fe segre¬ 
gation (which increases with T M ). Slightly lower values of 
the critical field than those achieved for the samples treated 
with ( 700=4 s were obtained for the samples crystallized by 
means of the shortest current pulses, which were only partly 
crystalline . 4 The optimum magnetic hardness corresponded 
to the samples treated with r 700 =4 s, which were completely 
crystallized and presented a critical field of 22 kOe. 

The temperature dependence of the critical field of the 
samples is shown in Fig. 5. We have analyzed these data in 
terms of the law proposed by Kromuller , 5 

H ait = otya K H K (T) - N q{{ M S (T), ( 1 ) 

where H K {T) and M S (T) are, respectively, the anisotropy 
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FIG. 3. (a) SEM micrograph of the fresh fracture surface of a sample treated 
for t x = 4 s with /,= 16 A. (b) SEM micrograph of the fresh fracture surface 
of a sample treated for r,= 12 s with /,=16 A. 

field and the saturation magnetization of the samples at a 
given temperature; ay reflects the influence on coercivity of 
the easy axes misalignment; a K is related to the local reduc¬ 
tion of anisotropy at the defects and N ei{ gives the magnitude 
of the stray fields originated by the inhomogeneities in the 
distribution of magnetization. In samples with strong inter- 
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FIG. 4. Dependence of the room-temperature critical field vs J 70 o for the 
samples with optimum magnetic hardening. 
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granular coupling, tl ucgnetization reversal proceeds from 
those grains whose orientation with respect to the applied 
field has associated the lowest critical field. In this case 
can be replaced by its minimum value a^ min which depends 
on the anisotropy constants as reported in Ref. 5. Consider¬ 
ing this, from the fits of the experimental results for H cti{ (T) 
to Eq. (1) the parameters a K and N ttt can be obtained. Figure 
6 presents the results of these fits for the samples crystallized 
by means of I x -19 A. These plots were carried out by taking 
into account the temperature dependence of the anisotropy 
field and magnetization of the Nd 2 Fe 14 B[ and Pr 2 Fe !4 B 1 
phases reported in Refs. 5 and 6. 

The dependence of our results for a K and N etf on t m is 
shown in Figs. 7(a) and 7(b), respectively. It is interesting to 
see how a K presents a maximum value [only slightly lower 
than the ideal value of Eq. (1) in the case of the samples with 
optimum properties]. Also, and according to these results, the 



3 4 5 6 7 8 


« v h k /m s 

FIG. 6. Plot of the experimental H alt (T) data in terms of Eq. (1). 


FIG. 7. (a) Variation of a K with r 700 . (b) Variation of N tU with r 700 . 

treatments carried out by using 16 A current originated larger 
deteriorations of the local anisotropy than those correspond¬ 
ing to treatments carried out by means of 19 A pulses. 

Finally, N cff increases with f 700 , which reflects the pro¬ 
gressive evolution in shape of the hard phase grains 2 from 
rounded original nucleus (predominant in the partly crystal¬ 
lized samples) to the well developed polyhedral grains with 
edges and corners which can be observed 2 in fully crystal¬ 
lized samples. Also, the inhomogeneities of the microstruc¬ 
ture arising from the precipitation, for long f 700 values, of 
a-Fe contribute to the increase of that parameter. 

To summarize, we can say that optimum critical fields 
(larger than those achieved in as-quenched crystalline melt 
spun samples) can be obtained by flash crystallizing amor¬ 
phous precursors using treatment times (f 700 ) of the order of 
a few seconds (long enough to complete the crystallization 
and short enough to avoid significant o-Fe segregation). 
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Magnetic phase diagrams of YCo 4 B-based components 
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The magnetic properties of (Y,Nd)Co 4 B, Y(Co,Fe) 4 B, and YCo 4 (B,C) compounds have been 
investigated. The spin-reorientation temperature of YCo 4 B increases with substitution of Nd for Y 
and Fe for Co, but decreases with the replacement of B for C. The Curie temperature of YCo 4 B 
decreases upon substitution of Nd for Y and C for B, whereas it increases upon the introduction of 
Fe. The magnetic phase diagrams are given for (Y,Nd)Co 4 B, Y(Co,Fe) 4 B, and YCo 4 (B,C). The 
results show that the temperature range of the easy-axis anisotropy in YCo 4 B is increased by C 
substitution, and decreased by Nd and Fe substitution. The saturation magnetization of YCo 4 B 
increases by the introduction of Nd and Fe. Substitution of C for B changes the magnetic moment 
of Co only slightly. The magnetic anisotropy is increased by substitution of C for B. 


I. INTRODUCTION 

YCo 4 B and the corresponding pseudoternary compounds 
crystallize in the CcCo 4 B-type structure, which is derived 
from the CaCu 5 structure by partial substitution of B for Co 
in every two Co layers. 1 The structure and the magnetic 
properties of both Fe- and Co-based compounds of the 
CeCo 4 B type have been studied extensively in the past few 
years l ecause of their potential of being used in permanent 
magnets. 2-8 Previous results have shown that in YCo 4 B the 
Co-sublattice anisotropy is complex at low temperature. 5,8 In 
this compound, a spin-orientation occurs at about 150 K 
which has been attributed to a change of the easy- 
magnetization direction of the Co sublattice from c axis at 
high temperature to basal plane at low temperature. Another 
anomaly is observed at about 60 K, the origin of which is 
still unknown. In order to understand the magnetic behavior 
of the Co sublattice in this type of compound, we have per¬ 
formed a detailed study of the magnetic phase diagrams of 
(Y,Nd)Co 4 B, Y(Co,Fe) 4 B, and YCo 4 (B,C). 

II. EXPERIMENTAL PROCEDURE 

The compounds Y 1 _ ;f Nd x Co 4 B (*=0.0,0.1,0.2,0.3), 
YCo 4 _*Fe J( B (*=0.0,0.1,0.2,0.3,0.4), and YCo^^C, 
(*=0.0,0.1,0.2,0.3), were prepared by melting in an arc fur¬ 
nace in an argon atmosphere, followed by annealing in an 
atmosphere of highly purified argon at 900 °C for 2 weeks. 
Subsequently, the materials were quenched into ice water. 
X-ray-diffraction results showed that only negligible 
amounts of impurity phases were present. 

The temperature dependence of the a.c. susceptibility 
was measured on bulk samples in the temperature range from 
4.2 to 600 K. The high-field magnetization was measured at 
4.2 K in the high-field facility at the University of Amster¬ 
dam on magnetically aligned samples. These samples weie 
prepared by mixing fine powder of the compound with epoxy 
resin and letting the mixture subsequently solidify in a field 
of about 1 T. 


U) 

4 -» 


.Q 

C. 

<u 


u 

CD 

X 


(a) 



100 200 
T 1 K ] 


300 



FIG. 1. Temperature dependence of the ax. susceptibility of Y 1 _ i Nd,Co 4 B 
compounds between (a) 4 2 and 300 K, and (b) 270 and 400 K. 
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FIG. 2. Magnetic phase diagram of Y, _ x Nd,Co 4 B compounds. 


III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Y^Nd.Co.B 

Substitution of Nd for Y markedly affects the anisotropy 
of YCo 4 B. Figure 1 shows the temperature dependence of the 
a.c. susceptibility of the Y, _ x NdjCo 4 B compounds. The spin 
reorientation at 150 K in YCo 4 B and the anomaly around 60 
K are both strongly influenced by the introduction of Nd. 
The spin-reorientation temperature is found to increase with 
increasing Nd content. In the sample with x= 0.3, the tran¬ 
sition even occurs above room temperature, at 310 K. The 
anomaly at 60 K shifts to lower temperatures in a rather 
random way. The high-temperature parts of the a.c. suscep¬ 
tibility show that the Curie temperature of YCo 4 B slightly 
decreases from 375 K for YCo 4 B to 350 K for 
Nd 03 Y 07 Co 4 B. 5 Since NdCo 4 B has easy-plane magnetiza¬ 
tion at room temperature, 6 the magnetization in the Nd- 
containing compounds can also be expected to change from 
easy axis at high temperature to easy plane at low tempera¬ 
ture. Therefore we tentatively conclude from the composition 
dependence of the spin-reorientation temperature in the 
Y, _^Nd i Co 4 B system that the transition at 150 K in YCo 4 B 
is also an axis-to-plane transition. The magnetic phase dia¬ 
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FIG. 4. Magnetic phase diagram of YCo^Fe^B compounds 


gram of the (Y,Nd)Co 4 B system constructed on the basis of 
these experimental results is shown in Fig. 2. The easy-axis 
region is only found in the Y-rich part and its width decreases 
strongly with increasing Nd content. 

B. YCcwFe^B 

Substitution of Fe for Co in YCo 4 B strongly influences 
the magnetic anisotropy of the 3d sublattice. Figure 3 shows 
the temperature dependence of the a.c. susceptibility of 
YCo^Fe^B compounds between 4.2 and 300 K. The spin- 
reorientation temperature increases with increasing Fe con¬ 
tent and for x- 0.2, no spin reorientation is observed up to 
the Curie temperature. As YFe 4 B also has easy-plane mag¬ 
netization at room temperature, 7 this composition depen¬ 
dence of the transition temperature can be taken as evidence 
that the transition is from easy axis at high temperature to 
easy plane at low temperature. Substitution of Fe for Co 
strongly enhances the easy-plane anisotropy. With increasing 
Fe content, the Curie tempeiature increases strongly from 
375 K for YCo 4 B to 490 K for YCo 36 Fe 04 B. 7 This means 
that the 3d-3d exchange interaction is strongly increased 
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FIG. 3. Temperature dependence of ac susceptibility of YCo^Fe^B com- FIG. 5 Temperature dependence of the a c. susceptibility of YG^Bj X C X 
pounds between 4.2 and 300 K. compounds between 4.2 and 300 K. 
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FIG. 6. Magnetic phase diagram of YCOjB^Cj compounds. 


upon the introduction of Fe. The magnetic phase diagram in 
Fig. 4 shows that the easy-axis region is small and restricted 
to the Co-rich part. 

C. YCo^ _ X C X 

The magnetic properties of the Co sublattice for YCo 4 B 
are also affected by substitution of C for B. Figure 5 shows 
the temperature dependence of the a.c. susceptibility of 
YCo 4 B 1 . ;t C Jt compounds with * = 0.0, 0.1, and 0.2. Both 
transitions in the compound with * = 0.0 at 60 and 150 K 
move to lower temperatures for *=0.1 and then disappear 
for *=0.2. In contrast to the types of substitution discussed 
before, substitution of C and B enlarges the temperature 
r" of easy-axis magnetization, which is favorable for ap¬ 
plications. Substitution of C for B in YCo 4 E causes the Curie 
temperature to first slightly increase for * =0.1 and then to 
decrease for *>0.1. The pi use diagram of the YCo 4 (B,C) 
system is shown in Fig. 6. 

The magnetization curves are shown in Fig. 7. From the 
► lanar diagram shown in Fig. 6 one would have expected 
that the magnetic moment of the compound with * = 0.1 
when measured in low fields applied parallel to the align¬ 
ment direction would have been lower than the moment mea¬ 



B [ T 1 


FIG. 7. Magnetization of YCo 4 B,_.,C, compounds at 4.2 K for the field 
parallel (O) and perpendicular (•) to the alignment direction. 

sured perpendicular to the alignment field (as for* = 0). It is 
possible that this latter situation is realized in applied fields 
lower than those considered here with an intersection point 
between the isotherm below 1.3 T. It can be seen from Fig. 7 
that the saturation magnetization of the compound changes 
only slightly with *. This is similar to what has been ob¬ 
served in the Nd 2 Co 14 (B,C) system. 
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A systematic study on stability of flux in Nd-Fe-B magnets consolidated 
by direct joule heating 

H. Fukunaga and H. Tomita 

Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan 

M. Wada, F. Yamashita, and T. Toshimura 

Matsushita Electric Industry, Co., Ltd., Daito, Osaka 574, Japan 

Magnetic aftereffect and irreversible flux loss at elevated temperatures were studied for fully dense 
isotropic and anisotropic Nd-Fe-Co-B magnets consolidated from rapidly quenched powder by 
direct joule heating. The consolidation process and the subsequent alignment of c axis do not affect 
the aftereffect constant S v and the prepared magnets have roughly the same S v as a bonded magnet, 
independent of coercivity at room temperature (650-1200 kA/m), exposure temperature 
(60-120 °C), and anisotropy of the magnets. Thus the magnitude of the aftereffect is determined 
mainly by the magnitude of the irreversible susceptibility ;y irr . It was also clarified empirically that 
the irreversible flux loss FL is proportional in magnitude to ^ ilr . However, the slopes of the FL vs 
X iri line for isotropic magnets are much larger than those for the anisotropic ones. Thus FL can be 
reduced by decreasing x m and/or making magnets anisotropic. 


I. INTRODUCTION 

Although Nd-Fe-B based magnets have superior hard 
magnetic properties, the thermal stability of their magnetic 
properties is poor compared with that of Sm-Co magnets 
because of their low Curie temperature. 1 Improvements in 
the thermal stability have been studied by many authors, 2 
and it has been clarified that rapidly quenched powder has 
smaller temperature dependences of coercivity and 
remanence. 3 Therefore utilization of rapidly quenched pow¬ 
der would be one of the methods of improving their stability. 
Recently, two of the authors have developed a new method 
of preparing fully dense Nd-Fe-B magnets from rapidly 
quenched powder by direct joule heating. 4 The developed 
magnets, which consist of fine grains, exhibit smaller tem¬ 
perature variation of coercivity than conventional sintered 
magnets. 4,5 

Thus, in this study, the magnetic aftereffect and the flux 
loss due to exposure at elevated temperatures were investi¬ 
gated for Nd-Fe-Co-B magnets (// c =650-1200 kA/m) pre¬ 
pared by the above-mentioned method. 

II. EXPERIMENT 

Fully dense anisotropic and isotropic magnets with a va¬ 
riety of coercivities were consolidated from Nd H Fe 73 Co 7 B 6 
rapidly quenched powder. Details of the preparation method 
have been reported in the previous papers. 4,6 Cylindrical 
specimens, 5 mm diamX6.6 mm long and 5 mm diamX4.1 
mm long, were cut out of them. In this paper, anisotropic and 
isotropic specimens are designated as “ANISO” and “ISO,” 
respectively, and '"g and short specimens as “L” and “S,” 
respectively. Thus “ANISO-L” means a long anisotropic 
specimen. 

The specimens were first premagnetized in a pulse mag¬ 
netic field of 4 MA/m and were exposed at an elevated tem¬ 
perature T a (60-120 °C). Then the decrease in magnetization 
A/ due to magnetic aftereffect was measured with a flux 
meier as a function of the exposure time t a [Fig. 1(a)], The 


irreversible flux loss FL due to the exposure was determined 
by 

FI = (<to-<J>,)/<I>o> (1) 

where <I> 0 and are the flux values measured at room tem¬ 
perature before and after the exposure, respectively [Fig. 
1(b)]. Hysteresis loops were traced with a computer-aided 
hysteiesis tracer and the demagnetizing effect was corrected 
by using a Ni cylinder. The coercivity H c ( RT) and the rema¬ 
nence M r (RT) at room temperature are listed for the obtained 
magnets in Table I. The irreversible susceptibility at a 
working point was calculated by subtracting the reversible 
susceptibility from the total susceptibility *, ola |. 

III. RESULTS AND DISCUSSION 

Typical A/ observed in our specimens is shown in Fig. 2 
for an anisotropic magnet with //,.(RT)=990 kA/m. The 
magnetization decreases nearly linearly with the logarithm of 
t a between 0.2 and 10 h and a unique slope d(M)/d (In t a ) 
can be defined fcr each T a . Figure 3 shows typical variation 
of </(A/)/d(ln t a ) as a function of // f (RT) for ISO-S and 
ANISO-S specimens. The slope of the anisotropic specimens 
at each T a is smaller at // f (RT)=1200 kA/m than that of the 


Time 



(b) Irreversible Flux Loss 


FIG. 1. Schematic representation of measuring procedures of magnetic af¬ 
tereffect ai irreversible flux loss. 
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TABLE I. Remanence and coercivity at room temperature of investigated 
magnets. 


Specimens 

Remanence T) 

Coercivity (kA/m) 

ISO No. 1 

0.76 

680 

ISO No. 2 

0.82 

950 

ISO No. 3 

0.84 

1200 

ANISO No. 1 

1.24 

650 

ANISO No. 2 

1.22 

990 

ANISO No. 3 

1.20 

1200 


isotropic ones. However, it increases markedly with a de¬ 
crease in // C (RT) and then becomes larger at // <r (RT)=1000 
kA/m than that of isotropic ones when T a ~ 100 and 120 °C. 
This behavior can be attributed to the fact that the working 
point of the anisotropic specimen with low H c ( RT) moves 
abruptly to a steep part of demagnetization curve from its flat 
part with increasing T a . 

It has been proposed that A/ can be expressed 7 ' 8 for 
specimens with a demagnetizing factor N as 

A/=5„Ar ir ,(ln t a ~A)l( 1 +X( 0 taiW//*o). (2) 

where S v and A are the aftereffect constant and the constant 
related to the initial value of the magnetization, respectively. 
In general, S v and x m depend on material, T a , and the mag¬ 
netization state of a specimen. In order to clarify which of S v 
and is the dominant factor in affecting the magnitude of 
A/, (l+A'| 0 i a iW/ro)d(A/)/d(ln t a ) is plotted in Fig. 4 as a 
function of \ m . Figure 4 includes results obtained for isotro¬ 
pic as well as anisotropic specimens with various H c ( RT) 
(650-1200 kA/m), T a (60-120 °C), and lengths (4.1 and 6.6 
mm). As clearly seen in the figure, 
( 1+ Xmia|N/^iW(A/)/d(l n t a ) has strong correlation with * (ir 
and all the plotted points are near the one straight line indi¬ 
cated by the solid line. Since the slope of the line corre¬ 
sponds to the value of S v as indicated in Eq. (2), this result 
suggests that S v of our specimens is nearly constant, inde¬ 
pendent of H c ,T a , the alignment of c axis, and the length of 
the specimens. Thus the magnitude of magnetic aftereffect is 
determined mainly by x,„. 



'TG. 2. Typical variation of •”, 6 in;...:ation A/ due to magnetic aftereffect ai> 
a function of exposure r 0 
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FIG. 3. Typical variation of d(A/)/4(ln t a ) as a function of coercivity at 
room temperature H C (RT). 


Previously Nishio and Yamamoto 9 have reported that S v 
of a Nd 12 2 Fe 77 Co 5 4 B 5 4 compression bonded magnet, which 
has nearly the same composition as ours, is between 2.6 and 
3.1 kA/m in the temperature range of 20-125 °C. The lines 
corresponding to these values of S v are also shown in the 
figure by broken lines. Our measured data roughly agree 
with the broken lines, which suggests that the consolidation 
of rapidly quenched powder and the subsequent alignment of 
c axis do not affect S v remarkably and that the prepared fully 
dense magnets preserve the value of S v of rapidly quenched 
powder. 

The irreversible flux loss FL due to 1 h exposure at T a is 
shown in Fig. 5 as a function of x , r ,. From an empirical point 
of view, FL is proportional in magnitude to at each T a . 
Thus a decrease in *, rr reduces FL. Irreversible flux loss can 
be attributed to magnetization reversals based on magnetic 
aftereffect and a reduction in H c at an elevated temperature. 
As the magnetization reversal due to magnetic aftereffect has 
strong correlation with * irr , the reversal due to a reduction in 
H c is also expected to correlate with ^ lrr . 



Irreversible Suscepiivihty x [H/m] 


FIG 4. (l+x tM )NIu 0 )d(AI)/d(\n r„) for isotropic as well as anisotropic 
specimens with various H f (RT), T a , and lengths, as a function of Xm ■ Solid 
line, best-fit line for measured data, broken lines, lines corresponding to 
S„-2.6 and 3.1 kA/m. The slopes of lines correspond to the values of S v 
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FIG. 5. Irreversible flux loss FL due to exposure for 1 h at elevated tem¬ 
peratures as a function of ,y lrr . Solid lines: isotropic specimens, broken lines' 
anisotropic specimens. 

It is also seen that FL can be reduced by making the 
magnets anisotropic. Large M r ( RT) of the anisotropic mag¬ 
nets is partly respon^l" for this improvement because FL is 
expressed after the zation by the initial value of flux 

as indicated by Eq. > , 

IV. CONCLUSIONS 

Stability of flux at elevated temperatures was studied for 
fully dense isotropic and anisotropic Nd-Fe-Co-B magnets 


consolidated Cr 0 ’ ,apiuiy quenched powder by direct joule 
heating. Although ti e magnitude of aftereffect varied with 
coercivity, exposure temperature, anisotropy, and the shape 
of specimens, the unique aftereffect constant S v was ob¬ 
served independently of these parameters. In addition, the 
observed S v agreed roughly with that reported previously for 
a bonded magnet. These results suggest that the consolida¬ 
tion process and the subsequent alignment of c axis do not 
affect S v and that the magnitude of the aftereffect is deter¬ 
mined mainly by the irreversible susceptibility x irr . 

The irreversible flux loss FL due to exposure at an el¬ 
evated temperature was also proportional in magnitude to Y irT 
which depends on the coercivity and the shape of specimens. 
However, FL of the anisotropic specimens was much smaller 
than that of isotropic ones. Therefore FL is expected to be 
reduced by decreasing ^ iir and/or making magnets aniso¬ 
tropic. 
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Studies of Mossbauer spectrum on Sm 2 (Fe,Ga) 17 C 1 .5 alloy 
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X-ray-diffraction patterns and Mossbauer spectra of Sm 2 (Fe,Ga)i 7 Cj 5 alloys have been studied. The 
results of x-ray-diffraction patterns and Mossbauer spectra indicate that little a-Fe and carbonides 
appear in Sm 2 (Fe,Ga) 17 Cj 5 alloys. The addition of a few Ga atoms show that the thermal stability 
in Sm 2 (Fe,Ga) 17 C 15 alloys is getting better. Structural analyses indicate C atoms as interstitial atoms 
occupying the 9 d site. Ga atoms seem to substitute partially for Fe atoms and occupy preferentially 
the 18 /j site. 


I. INTRODUCTION 

The binary 7? 2 F e i7 compounds are not suitable for per¬ 
manent magnetic materials because of their low Curie tem¬ 
perature and plane-preferred magnetocrystalline anisotropy. 
It has been recently shown that the presence of the interstitial 
C atoms in /? 2 Fe 17 compounds gives rise to an increase of the 
Curie temperature by more than 100 K compared with their 
counterparts without carbon. 1,2 In particular, in the case of 
Sm 2 Fe 17 Cj, a relatively high uniaxial crystal anisotropy and 
an anisotropy field of about 6 T were found at room tempera¬ 
ture for x = l. 3 But the carbon concentration was well below 
x-2 in R 2 Fe l7 C x compounds achieved by arc melting. 4 ' 5 
Liao el al. b reported that high carbon-containing R 2 Fe 17 C, 
(x=2.5) compounds were obtained by solid-gas phase reac¬ 
tion. Unfortunately, these carbides will decompose into the 
equilibrium phases RC and a-Fe on heating to 700 °C. 7 Re¬ 
cently, Shen and co-workers 8 have obtained R 2 Fe nQt (-v-0- 
3.0) compounds by means of the melt-spinning method. 
These carbides are highly stable at least at high temperature 
up to 1100 °C. Shen’s results shows that a few Ga, Si, and A1 
atoms substitutions for Fe can enhance the thermal stability 
in Sm 2 Fe 17 C* alloys. In order to better understand the influ¬ 
ence of carbon and substitution atoms on the structure in 
Sm 2 Fe 17 C J . alloys, we performed Mossbauer spectra study of 
melt-spun Sm 2 (Fe,Ga) 2 C! 5 alloys. 

II. EXPERIMENTAL DETAILS 

The alloy Sm 2 Fe 17 . i Ga i: C 1 5 (x = l-6) was prepared by 
melting of 99.9%-pure primary elements in argon atmo¬ 
sphere. The buttons were melted at least three times to 
achieve homogeneity. Then the alloy buttons weie annealed 
at 1000-1200 °C in vacuum for 50 h. Sm 2 (FeGa) 17 C, 5 alloy 
buttons were melted and then made into ribbons by the melt¬ 
spinning technique. The obtained ribbons were about 1 mm 
wide and 20-30 p.m thick. X-ray-diffraction experiments 
with Cu K a radiation were made to determine the crystallo¬ 
graphic structure. The 57 Fe Mossbauer spectra for 
Sm 2 Fe| 5 Ga 2 C, 5 compounds (a natural abundance Fe used) at 


room temperature were collected using a constant accelera¬ 
tion spectrometer with a source of 57 Co (in Pd). The velocity 
scale was calibrated using an a-Fe absorber at room tem¬ 
perature. 

III. RESULTS AND DISCUSSIONS 

X-ray-diffraction patterns indicated that the main phases 
of all the samples is the 2:17 structure. Sm 2 (FeGa)i 7 C 15 
compounds crystallize in the rhombohedral Th 2 Zh 17 -type 
structure (R3m). The substitution of Fe with Ga results in a 
increase in the lattice constants. The results of x-ray diffrac¬ 
tion show the unit-cell volume of Sm 2 (FeGa) 17 C! 5 linearly 
increases with increasing Ga concentration. 

For some samples in Sm 2 Fe 17 C t compounds with high 
carbon concentration, the a-Fe also has to be taken into ac¬ 
count. But here, the x-ray pattern (Fig. 1) shows a slight 
trace of a-Fe in the Sm 2 (FeGa) 17 C 15 compound. That is to 
say, the addition of the few Ga atoms in Sm 2 (FeGa) 17 C, 5 
compounds will help to enhance a single phase in the car¬ 
bides of Sm 2 (FeGa) 17 C! 5 . 



FIG. 1. X-ray-diffraction pattern of Sm,FCi 5 Ga 2 C 15 compound (• o-Fc) 
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FIG. 2. Mossbauer spectrum of Sm 2 Fe 15 Ga 2 C, 5 compound. 

The addition of the Ga atoms leads to an increase of axis 
anisotropies. At the optimal quenching rate, the intrinsic co- 
ercivity obtained is iH c -14 kOe. 

There are four nonequivalent types of Fe sites in the 
Th 2 Zn 17 unit cell (6c, 9 d, 18ft, and 18/), and the C atoms 
could be statistically distributed over the 9 d site in this 
structure. 9,10 

For the C-containing compounds, because of their 
uniaxial anisotropy, the Mossbauer subspectra for 18ft and 
18/ sites have to be split into two subspectra with the inten¬ 
sity ratio of 1:2, 11 so that six subspectra were used in order to 
fit the Mossbauer spectrum of the Sm 2 Fe 15 Ga 2 Ci 5 compound 
(Fig. 2). 

During the fitting of the Mossbauer spectrum, six Ga 
atoms are regarded as entering into 18ft and 18/ sites with 
equivalent ratio, so an overall intensity constant of 
6:9:(10:5):(10:5) for 6c:9d:18/:18ft was imposed. We used 
the fitting procedure written by one author (Zu-xiong Xu) of 
this paper, which can impose the restricted condition of the 


TABLE 

Sm 2 Fe 15 

I. Hyperfine fields for 
Ga 2 C] 5 compound 

each crystallographic 

site of the 

6c (T) 

9d (T) 

18/, (T) 

18/ 2 (T) 

18/t, (T) 

18* 2 (T) 

27.6 

23.5 

20 9 

16.8 

18.8 

14.0 


above-mentioned intensity ratios to the fitting. The hyperfine 
fields for each crystallographic site of the Sm 2 Fe ]5 Ga 2 Ci 5 
compound are listed in Table I. 

There is no doubt that the 6c dumbell site should ha-'e 
the largest hyperfine field since it has the most Fe atoms, and 
the fewest rare-earth neighbors. Similarly, the 18/ site has a 
larger hyperfine field than the 18ft site. The 9 d site can be 
distinguished by its intensity from the 18/ and 18ft sites. 
Hence we find hyperfine fields for the different Fe sites that 
decrease in the order 6c>9d>18/>18ft. 
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Recently it was shown that the electrical resistivity behaves anomalously both at low temperatures 
and near the Curie point in rare-earth iron borides due to the subtle interplay between 4/ and 3d 
transition elements. Here a systematic experimental study on the behavior of the thermoelectric 
power (5) of R 2 Fe 14 B compounds with heavy (R=Gd, Tb, Dy, Ho, Er) and light (Nd, Sm) 
rare-earth elements is presented. Data for La 2 Fe 14 B, in the temperature range 10 K<T<350 K, is 
also included for comparison. The results are consistent with the spin-mixing model for electron 
scattering, with an intrinsic thermopower contribution related to Fe and a spin dependent impurity 
scattering term related to the rare-earth magnetic ions. From the interplay of both terms we an get 
maxima in 5 (for R =Td, Dy, Ho, Er samples) or minima (Gd, Nd, Sm) at low temperatures. The 
data indicates the ultimate dominance of impurity scattering at low temperatures, producing a linear 
variation in the magnetic thermopower (S). In La 2 Fe 14 B, only the intrinsic effect is observed, and 
S(T) does not follow a linear temperature dependence. 


I. INTRODUCTION 

Studies on R-Fe-B compounds generally deal with their 
magnetic properties for applications at room temperature and 
above. These compounds, however, exhibit interesting ef¬ 
fects in other physical properties, namely in transport phe¬ 
nomena, due to the subtle interplay between 4/ and 3d tran¬ 
sition elements. Recently, we have shown that the electrical 
resistivity behaves anomalously both at low temperatures 
and near the Curie point. 1,2 The results on the behavior of the 
thermoelectric power of R 2 Fe 14 B compounds is here re¬ 
ported, for the case of heavy (/? =Gd, Tb, Dy, Ho, Er) and 
light (Nd, Sm) rare earths, over the temperature range 10 
K<7’<350 K. For comparison we also include the data for 
La 2 Fe l4 B. 

II. RESULTS AND DISCUSSION 

As shown in Figs. 1 and 2, the thermoelectric power (5) 
is negative at high temperatures, exhibiting a flat curve from 
about 250 up to 350 K, with relatively large values, e.g., 
5=-15 aiVK - 1 for R=Gd and 5s-17 /iVK" 1 for 
R=Sm. 

Below ~200 K the thermopower rises rapidly with the 
decrease of temperature, exhibiting characteristic maxima at 
intermediate temperatures. For example, in Er 2 Fe 14 B we ob¬ 
serve 5 max =10.5 pV K _1 at r=37.5 K. 

In the heavy rare-earth samples with R=Tb, Dy, Ho, Er 
(Fig. 2), and also in LaFe 14 B, the thermoelectric power de¬ 
creases monotonicaliy from such maxima, towards vanishing 
values at the lowest temperatures. In contrast, in the samples 
with R=Gd, Sm, Nd, a more complex behavior occurs, lead¬ 
ing to the appearance of a negative minimum at lower tem¬ 
peratures. For example, in Gd 2 Er 14 B we have 5 min =~2 
pV K~' at T-21 K. 

We have also measured the electric resistivity in the 
same samples, which enabled us to obtain the normalized 


quantity S(T)/p(T) for each sample. As can be seen from 
the phenomenological transport equations, such quantity de¬ 
pends only on the cross-transport coefficient Z. 10 , which is 
responsible for the appearance of any finite thermoelectric 
power: 3 

S(T) L l0 (T) 

p(T) ” T ' 

As shown in Fig. 3, all the S/p high-temperature data closely 
approaches a common curve, indicating a similar behavior 
for all the samples in this temperature range. This quantity 
affords a more direct comparison with simpler theoretical 
expressions, obtained after the discarding of several scatter¬ 
ing mechanisms which do not contribute to L l0 although 
they give important effects in p. 



FIG. 1. Temperature dependence of the thermoelectric power for /? 2 Fe ]4 B 
(R =Tb, Dy, Ho, Er) and La 2 Fe 14 B. 
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FIG, 2. Temperature dependence of the thermoelectric power for R 2 Fe 14 B 
(R=Nd, Sm, Gd). 


The low-temperature data shows a rapid rise of S with 
the increase of temperature, quickly reaching a maximum 
with relatively high values; for example, we have S= 11 
/mV K -1 in Er 2 Fe 14 B when T~35 K. These effects are not 
due to the normal scattering mechanisms which invariably 



0 100 ’l’(K) 200 300 


FIG. 3, Temperature dependence of Sip for /tjFe u B (R= Nd, Sm, Gd, Tb, 
Dy, Ho, Er). 


lead to small values, S~(k/e ) ( kT/E F ) or S~(£/e) (A/E F ), 
since both the thermal ( kT) and exchange (A) energies are 
much smaller than the Fermi energy. 

Large values of S at low temperatures, with sizable 
maxima or minima before fading away at high temperatures, 
occur frequently in ordered magnets caused by magnon scat¬ 
tering (spin-flip relaxation time r T j) in the particular cases 
where impurity scattering leads to different electron collision 
times for spin-up or -down diiections 

If the concentration of impurities is sufficiently large so 
that relaxation of the electrons with respect to momentum 
(causing electrical resistivity) occurs on the impurities, while 
only energy relaxation occurs on the magnons, it can be 
shown that: 5,6 

Soc(r t -r 1 )r, 

1 

Scc(T t - Tl ) -, 

where the first regime (S<*T) holds at low temperatures 
where T], , (when a cutoff exists for electron-magnon 

scattering, an exponential decrease of S takes over at still 
lower temperatures). The second regime (S*T~ l ) occurs 
when the magnon scattering dominates over impurity scatter¬ 
ing, Tj. The absolute value of S should then go 

throug h a maximum at intermediate temperatures, when 

t u ~V^VV 

The asymmetry, which is absolutely necessary to 
produce large effects in S, 5 ' 9 usually arises from the presence 
of impurities causing spin-dependent s-s electron scatter¬ 
ing, such as magnetic impurities or transition-metal 
impurities. 10 '' 12 In addition, the intrinsically spin transitions 
at temperatures below the Curie point, caused by magnons as 
well as by phonons, can play a role similar to the magnetic 
impurities. 6 

1 J, B. Sousa, M. M. Amado, R. P. Pinto, V S. Amaral, and M E. Braga, J. 
Phys. Condens. Matter 2, 7543 (1990). 

2 J. B, Sousa, M. M. Amado, R. P. Pinto, M. A. Salgueiro, M E. Braga, and 
K. H, J. Buschow, J. Phys. Condens. Matter 3, 4119 (1991). 

3 See, e.g., J M Ziman, Electrons and Phonons (Oxford University Press, 
New York, 1960), Chap. VII. 

4 T, Farrel and D. Grcig J Phys. C 3, 138 (1970). 

5 J. Ya Korenblit and Yu. P. Lazarenko, JETP Lett. 11, 236 (1979). 

*’1. Ya. Korenblit and Yu P. Lazarenko, Sov. Phys. JETP 33, 837 (1971). 
7 L. Piraux, A. Fert, P A. Schroedcr, R. Loloee, and P. Etienne, J. Magn. 
Magn. Mater. 110, L247 (1992). 

8 T. Kasuya, Prog. Theor. Phys. 22, 227 (1959). 

9 L. E. Gurevich and G M. Nedlin, Sov. Phys. JETP 18, 396 (1964). 

10 T Farrel and D Greig, J. Phys. C 1, 1359 (1968). 

"A. Fert and 1. A. Campbell, J. Phys. F 6, 849 (1976). 

12 A. Fert, J. Phys. C 2, 1784 (1969). 
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Effects of field orientation on field uniformity in permanent magnet 
structures 

J. H. Jensen and M. G. Abele 

Department of Radiology, New York University School of Medicine, New York, New York 10016 

The effects of magnetic-field orientation are investigated for permanent magnet structures designed 
for the generation of highly uniform fields. The structures considered are based on closed cavities 
that produce exactly uniform internal fields. An open structure with an approximately uniform field 
is obtained by removing part of the wall from such a cavity. This paper explores how the 
magnetic-field uniformity depends on the field orientation relative to the opening. A yokeless, 
cylindrical cavity that is opened at both ends is considered in detail with the field oriented both 
perpendicular to and parallel to the cylinder’s axis. The field uniformity is shown to be substantially 
better for the perpendicular orientation. The leakage field outside the magnet is also contrasted for 
the two cases. 


I. INTRODUCTION 

A general approach for designing open permanent mag¬ 
net structures that generate highly uniform magnetic fields is 
to begin with a closed structure that generates an exactly 
unifu'm field in an internal cavity. 1 From the infinite variety 
of such closed structures, one may be selected to meet par¬ 
ticular design criteria. To open the structure, which is neces¬ 
sary to allow access to the field, magnetic material is re¬ 
moved from the cavity wall. This paper examines how the 
character of the resulting approximately uniform field de¬ 
pends on the orientation of the field relative to the opening. 

A yokeless, cylindrical stiucture (Fig. 1) is used as a 
prototype. If the cylinder is closed at both ends, the magne¬ 
tization can be chosen, without changing the structure’s ge¬ 
ometry, to produce a perfectly uniform magnetic field inside 
the cavity oriented either perpendicular or parallel to the axis 
of the cylinder and with no magnetic field outside the cylin¬ 
der. If the cylinder is then opened at both ends, the field will 
be approximately uniform in the center of the structure, but 
highly perturbed near the ends. There will also be a leakage 
field outside. 

The degree of uniformity in the center, the nature of the 
perturbation at the end of the cylinder, and the amount of 
leakage field is shown to be substantially different for the 
two orientations. In particular, the perpendicular orientation 
gives a more uniform central field, better end behavior, and 
less leakage field. These advantages of the perpendicular ori¬ 
entation follow from general considerations and apply also to 
structures of direct practical interest. 

II. DESCRIPTION OF MODEL 

Consider first an infinitely long cylinder of inner radius 
r, and outer radius r 2 . Assume magnetic material filling the 
region between r, and r 2 and having a magnetic polarization 
density 3(r,ip,z), where ( r,<p,z ) are conventional cylindrical 
coordinates taken relative to the cylinder’s symmetry axis. 
There is a unique choice of J that produces a uniform mag¬ 
netic field H of specified magnitude and orientation in the 
region r<r, and zero magnetic field for r>r 2 , and that 
obeys the constraints V-J=0, Vxj=0, and /J<fa=0, where 
the integral is taken over the inner surface of the cylinder. 


The three constraints on J select, from the distributions pro¬ 
ducing the specified field, the one with the greatest possible 
figure of merit. 

A perpendicular orientation, corresponding to the choice 
H=// 0 (sin i/t+cos ipip) for r<r x , yields the distribution 

2r \ r l 

3=HoH 0 -j—7—jr (sin ip r-cos ipip), (1) 

r (r 2 ~r x ) 

while the parallel orientation H=//„z produces 


J—fi^Ho 


z 

r In(r 2 /r,) 


1 

(r 2 /r,) 2 -1 


In (r 2 /r) 
+ ln(r 2 /r,) 


( 2 ) 


By truncating the cylinder at z = ± z 0 , an open structure, 
shown in Fig. 1, is obtained, having an approximately uni¬ 
form internal field. 2 This structure can also be properly con¬ 
sidered the result of opening a finite closed cylinder, since 
end caps for the truncated cylinder can be designed that re¬ 
store the perfect uniformity of the field. 


III. RESULTS 

Since V-J-0, the magnetic charge density a for the 
structure is nonzero only on it’s surface and is readily found, 
for the two orientations, from Eqs. (1) and (2) using the 
expression cr=J-n, where n is an outward pointing unit vec- 



FIG. 1. Yokcless, cylindrical magnetic structure of length 2z 0 . Magnetic 
material fills the region between r=r x and r=r 2 
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FIG. 2. H/H 0 on the z axis vs z/r, for r 2 /r,=2.0 and z 0 /ri=5.0. The 
uniformity of the central field is better for the perpendicular orientation 
(solid line) than for the parallel orientation (dotted line). 


tor perpendicular to the surface. 1 The magnetostatic scalar 
potential 4> at a point x is computed from the integral 


<D(x) = 


1 

4ir/i 0 


Js 


q-(x') 

|x-x'| 


da'. 


( 3 ) 


taken over the surface of the structure, and the magnetic field 
is calculated from H=-Vd>. 

Figure 2 shows the magnetic field on the z axis, for the 
two orientations, with r 2 /r, =2.0 and z Q lr x =5.0. For the per¬ 
pendicular case, the perpendicular component is plotted, and 
for the parallel case the parallel component is plotted. The 
central field for the perpendicular orientation is significantly 
stronger and more uniform than for the parallel orientation. 
Moreover, the field for the parallel case varies rapidly near 
the end of the structure, acquiring large negative values, 
while the field for the perpendicular case falls monotonically 
to zero. 

In Fig. 3, the magnitude of the field at the center of the 
structure is given as a function of z 0 /r, for r 2 /r l =2.0, show¬ 
ing that the field approaches its asymptotic value of H 0 much 
more slowly for the parallel orientation. In Fig. 4, equipoten- 
tial lines near the structure’s end, in the two-dimensional 
cross section corresponding to ip= ir/2, are illustrated for the 
two orientations. For the parallel orientation a saddle point 
occurs near (r/r,=0.0, z/r[=4.0). 

Both inside and outside the cylinder, the potential can be 
expanded in spherical harmonics. Introducing spherical coor¬ 



z/r, 


FIG. 4. Equipotential lines for (a) the perpendicular orientation and (b) the 
parallel orientation near the end of the magnet (i/i=7r/2). The lines are la¬ 
beled with the value of 4»/// 0 r l • 


dinates (p,6,tji), where p is the radial coordinate and 6 is the 
angle to the z axis, the potential has the expansion, for p<r,, 

00 I” 00 

$ = 2 p'j a n) P,(cos d)+ 2 [aim cos {mip) 

1 = 0 [ m= 1 


+ b, m sin(m(Jr)]P™(cos d) 1, (4) 

and for p>(zj)+r 2 ) 1/2 , 

CO ( 00 

$ = 2 p" (,+ 1, j Ci 0 p,( cos 9)+ 2 [cim cos(mip) 

1=0 m= 1 


+ d /m sin(m^)]P"'(cos 0) , 


(5) 



FIG. 3 HIH 0 at the center of the magnet vs z 0 /r, for r 2 /r, = 2.0. /////„ 
approaches Us asymptotic value of 1 0 more rapidly for the perpendicular 
orientation (solid line) than for the parallel orientation (dotted line). 


where P ; and Pj" are Legendre functions. Using symmetry 
arguments, all the coefficients for the parallel case can be 
shown to vanish except the a m and c /0 with odd /. In Ref. 1, 
it is demonstrated for the perpendicular case that the only 
nonzero coefficients are the b n with odd / and the d n with 
odd l and / + 1. 

Tables I and II show expansion coefficients for /= 1, 3, 
and 5 with r 2 /r ] =2.0 and z Q lr l =5.0. For an exactly uniform 
field, the only nonzero coefficients would be b u ~H 0 , for 
the perpendicular case, and a 10 = — f/ 0 , for the parallel case. 
Deviations from these values represent perturbations caused 
by the opening. 

Aside from the b u and a 10 , the magnitudes of corre¬ 
sponding coefficients having the same / value are much 
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TABLE I. Expansion coefficients for perpendicular orientation (r 2 /r,= 2.0, 
Zo/r,=5.0). 


/ 

m 


d,J[H 0 r\ ,+2) ] 

1 

i 

0.998 

0 

3 

i 

-1.2X10" 4 

5.0 

5 

i 

-5.2X10' 6 

2.4X10 2 


greater for the parallel orientation than for the perpendicular 
orientation. In particular, the coefficients show that the uni¬ 
formity in the central region is about 40 X better for the 
perpendicular case. In addition, since the d n coefficient van¬ 
ishes for the perpendicular orientation, the leakage field has 
an octupole character and decays as p -5 , while the field for 
the parallel case is of dipole character and decays as p -3 . 


IV. DISCUSSION 

The magnetic fields for the the parallel and perpendicu¬ 
lar orientations are different in three basic ways. First, the 
field for parallel orientation changes sign near the opening 
and becomes larger in magnitude than the field at the center 
of the structure. In contrast, the field for the perpendicular 
orientation decreases monotonically at the opening. Second, 
the distortion of the central field is much greater for the 
parallel case, as indicated by the spherical harmonic expan¬ 
sion coefficients. Third, the leakage field decays as an octu¬ 
pole for the perpendicular case, but only as a dipole for the 
parallel case. 

The change in sign of the field for the parallel orientation 
is due to the fact that well inside the cylinder the magnitude 
of the potential on the z axis increases with z, as required by 
a parallel field, while outside the cylinder, the potential must 
decrease in magnitude. Thus, somewhere in between, the po¬ 
tential has an extremum where its derivative, the magnetic 
field, changes sign. Moreover, because the rate of change of 


TABLE II Expansion coefficients for parallel orientation (r 2 /r ,=20, 
z 0 lr i =5.0). 


/ 

m 

«lmr\‘ 1] IH 0 


1 

0 

-0.923 

-5.41 

3 

0 

5.1X10 -3 

-3.9X10 2 

5 

0 

2.3X10 -4 

-1.4X10 4 


the potential is most rapid, as is reasonable, near the opening, 
the magnitude of the field there exceeds the value at the 
center of the structure. 

Since end caps designed to close the structure and re¬ 
store the perfect field uniformity would have to generate a 
stronger near field for the parallel orientation than for the 
perpendicular orientation, it should be expected that the far 
field from such end caps also be stronger for the parallel 
case. Thus the greater distortion found in the central region 
for the parallel case may be regarded as a consequence of 
orienting the field in the parallel direction. 

The vanishing of the dipole moment for the perpendicu¬ 
lar orientation is not unique to the model considered here, 
but occurs generally for any cylindrical, yokeless structure 
where J is independent of z and perpendicular to z. Since 
these conditions can only be met for a perpendicularly ori¬ 
ented field, the zero dipole moment obtained for the perpen¬ 
dicular case can, in a sense, be attributed to the field’s orien¬ 
tation. 

Field orientation effects similar to those demonstrated 
for the truncated cylinder of this paper should also apply to 
other yokeless structures of similar geometry. Examples of 
practical interest include cylindrical structures generating 
perpendicular 3 and parallel 4-6 fields and structures of po¬ 
lygonal cross section made from uniformly magnetized 
polyhedra. 1 

V. SUMMARY 

The effects of magnetic-field orientation have been in¬ 
vestigated for a cylindrical permanent magnet structure 
opened at both ends and designed to generate a uniform cen¬ 
tral field. Fields oriented primarily perpendicular and parallel 
to the cylinder’s axis have been compared. The distribution 
of magnetic polarization for both cases is chosen to maxi¬ 
mize the figure of merit. It is found that: (1) The main com¬ 
ponent of the field decreases monotonically near the struc¬ 
ture’s end for the perpendicular orientation, but changes sign 
for the parallel orientation; (2) the field in the center of the 
structure is more uniform for the perpendicular orientation; 
3) the leakage field for the perpendicular case is smaller due 
to a vanishing of the dipole moment. 

1 M. G, Abele, Structures of Permanent Magnets (Wiley, New York, 1993). 
"A detailed discussion of the truncated cylinder with the magnetic polar¬ 
ization density of Eq. (1) is given in Ref. 1, pp. 275-286. 

5 K. Halbach, Nucl. Inslrum. Methods 169, 1 (1980). 

4 W. Neugebauer and E M. Branch, Technical Report, Microwave Tube 
Operations, General Electric, Schenectady, 15 March, 1972 (unpublished). 
5 J. P. Clarke and H A Leupold, IEEE Trans Magn. MAG-22, 1063 
(1986) 

6 H A. Leupold and E. Potenziani II, IEEE Trans. Magn. MAG-22, 1078 

(1986). 
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Lightweight, distortion-free access to interiors of strong magnetic field 
sources 

H. A. Leupold, E. Potenziani, II, and A. S. Tilak 

U. S. Army Research Laboratory, AMSRL-EP-EC-H, Fort Monmouth, New Jersey 07703-5601 

A permanent magnet structure has been designed to provide field distortion-free access to large 
magnetic fields in cylindrical and spherical cavities without the unacceptably large mass increases 
usually incurred to provide it. For example, a spherical shell that produces a 1.2-T field in a 
spherical cavity of 2-cm radius has a mass of about 2.3 kg if material of 12.2-kOe coercivity and 
12.2-kG remanence is used. If the sphere is compensated for distortion-free equatorial access, its 
mass must rise to 23 kg to maintain the same field in the cavity. If the geometry is altered by the new 
technique to maintain field integrity under access, the mass is only 1.7 kg. Some applications are 
discussed that afford, up to this time, unviable devices. 


I. INTRODUCTION 

The so-called “magic” rings and spheres 1,2 are capable 
of generating unusually high magnetic fields in their inner 
chambers and therefore afford a considerable expansion of 
the applicability of permanent magnets to technology. Since 
many of the new applications require access tunnels of di¬ 
ameter sufficient to significantly distort the internal working 
fields, the authors devised a method to greatly reduce such 
distortions 3 Figure 1 shows how this is done for a ring. In 
effect, each segment of the ring is given a magnetization 
which is the result of a uniform magnetization, which has no 
effect on the generated field, and the original ring magneti¬ 
zation which produces that field. 

The uniform component of magnetization may be in any 
direction and of any magnitude so that it can be chosen to 
render the required magnetization zero in any desired seg¬ 
ment, thereby making that segment dispensable and afford¬ 
ing distortion-free access through it. Figure 1(a) shows a ring 
in which such access is provided at the poles and Fig. 1(b) 
where the access is at the equator. In the structure in Fig. 
1(a), the magnetization is radial everywhere in direction 
while in Fig. 1(b) it is transverse in direction. The same 
procedure may be used in “magic spheres.” 


tively. This is a consequence of the expression for the flux 
density in the cavity of a “magic” sphere, viz: 
B = (4/3)B r In(r 0 /r,). Substituting r,=2.0 and r 0 =4.25, we 
obtain r' 0 =9 cm and the resulting mass increase would be 
from 2.3 to 24 kg, a factor of more than ten. 

The magnitude of remanence of an altered “magic” ring 
or sphere varies with the polar angle as 

B r =2B Q sin 0 polar access 

( 2 ) 

B r =2B 0 cos 0 equatorial access, 

so that maximum remanence is required only at the poles in 
a spheroid designed for equatorial access or at the equator for 
those with polar access. This suggests that if the remanence 
was the maximum available everywhere, it might be possible 
to pare the local radius in compensation where maximum 
remanence is in excess of that specified and to augment the 
local radius only where the maximum remanence falls short 
of that required. In this way, the net addition of material to 
spheres to make them distortion-free would be minimized. 

The field in the cavity of a “magic” ring or sphere arises 
from three sources: the poles cr on the inner and outer sur¬ 
faces of the spheroidal or cylindrical shell and the volume 
polar distribution p. The surface pole contribution is zero for 


II. COMPACTION OF DISTORTION-FREE 
STRUCTURES 

An often serious drawback of the described procedure is 
that it requires materials of double the remanence of those 
available if the maximum available remanence is used in the 
original unaltered sphere. If the original field is to be main¬ 
tained in the distortionless configuration, its radius, and 
hence its mass must be increased considerably. For example, 
a “magic” sphere of 1.2-T remanence, B r and 1.2-T cavity 
flux density, has an outer radius of 4.25 cm if its inner cavity 
is 2.0 cm in radius. An altered sphere would behave as a 
regular sphere with only 0.6-T remanence. For the altered 
sphere to produce the same internal field of 1.2 T, its outer 
radius r' 0 must be increased according to the relation: 2 

ln(r^/r,) B, 1.2 

Hr o lr l )~B r r ~0l> = ' 1, (1) 

where r 0 and r, are the original outer and inner radii, respec- 



F1G. 1 Alteration of magnetization (small arrows) of “magic rings” and 
“spheres” to provide distortion-free iccess at the poles (a) and at the equa¬ 
tor (b) The resultant magnetizations are transverse for polar access A and 
radial for equatorial access B Tlr latge central arrows represent the internal 
fields, the smaller arrows in the shel' the remanenccs and the dots the re¬ 
gions of zero remanence. 
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FIG 2. Cross sections and outer surfaces of (a) obla'e and (b) prolate distortion-free structures. 


structures of this type and the volumic distribution of poles is 
given by the divergence of the magnetization. For “magic” 
spheres and cylinders, p is equal to 4 M cos 61r and 
2 M sin 01 r, respectively. This is true for both the conven¬ 
tional and distortion-free structures because the two differ 
only by a constant uniform magnetization which has no di¬ 
vergence and hence gives rise to no poles. 

If in the cylinder the value of p is substituted into Cou¬ 
lomb’s Law and the integration over r is performed, we have 
for the contribution of a segment at 6 

f 2n 

dB = 4 A/[lnr 0 /r,]sin 2 6d6. (3) 

Jo 

We note that if M is a function of 6 as in the distortion- 
free cylinder (DFC) and if one wishes, as we do, to keep M 
constant at the maximum available value, we can do so by 
giving r 0 {6) the functional form that would leave the product 
A/(0)ln[r o (0)/r,] the same as before. This is accomplished 
when 

In r o(^) = ^DFC l n ( r o)DFC- (4) 

Since for the polar access 

A i O^DFC = ^DFC = 2So s * n 0 

In r 0 -2 sin 0 ln(r 0 ) DFC . ^ 

If this procedure is applied to a sphere with polar access, 
the resulting spheroid of revolution is that in Fig. 2(a). For 
the same field and working space specifications as the 
spheres already discussed, the mass of the new structure is 
only 12.7 kg or about half that of the distortion-free sphere 
of varied remaneuce. 

Even greater mass savings are obtainable for spheres 
compensated for equatorial access. In that case, our spheroid 


of uniform remanence construction yields the pinched- 
equator-prolate structure of Fig. 2(b) with a mass of 1.7 kg 
which is actually less than that of the unaltered parent 
sphere. This is because the paring of radius occurs where the 
azimuthal circles are large and the radius augmentation 
where they are small. The reverse is true for the “polar 
dimpled,” apple-shaped oblate structure of Fig. 2(a). 

ill. APPLICATIONS 

Many electron-beam microwave sources require strong, 
uniform magnetic fields parallel to the beam direction to fo¬ 
cus the electrons. Often bulky, energy consuming solenoids 
are used. Recently, much more compact permanent magnet 
solenoids were developed for this purpose but they are lim¬ 
ited to fields of about one-half the magnetic remanence or 
less. 4 For higher fields, the “magic spheres” are attractive 
alternatives. Often, electron beam tubes require access ports 
large enough to seriously distort the working fields in their 
vicinities. Also, electron beams are subject to abrupt field 
reversals upon transits through tunnels in the shells of stan¬ 
dard “magic spheres.” The new structures adequately solve 
both problems in many applications. Figure 3 compares the 
axial field profile of a standard with that of an oblate struc¬ 
ture, both of which have large (25% of cavity diameter) axial 
access tunnels at the poles. The latter is seen to maintain its 
field to the tunnel entrance while that of the former drops to 
about one-kalf of the peak field. If desired, the “bumps” near 
the ends Oi the curve for the oblate spheroid can be smoothed 
out by a judicious tailoring of the local remanence 4 or by 
placement of axially magnetized toroidal correcting rings. 5 

For medical MRI devices, prolate structures would af¬ 
ford similarly improved transverse field profiles for equato¬ 
rial access. Other potential applications are in Faraday rota- 
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FIG. 3. Axial field profiles of ( 9 ) standard sphere and (■) oblate spheroid 


tors, mass spectrometers, free-electron lasers, and wherever 
else access to large, uniform fields is needed. 


IV. SUMMARY AND CONCLUSIONS 

If a “magic sphere” with undistorting polar access is 
required, considerable mass savings are realized by uniform 
remanence, variable radius construction. Some configura¬ 
tions with equatorial access may actually have less mass than 
the unaltered spheres. It might seem that manufacture would 
be unduly complex and expensive, but both problems can be 


solved by a simple manufacturing procedure discussed in a 
companion article in this issue of the Journal of Applied 
Physics. 

1 K. Halbach, Proceedings of llie 8th International Workshop on Rare Earth 
Cobalt Permanent Magnets (University of Dayton Press, Dayton, OH, 
1985), p. 123. 

2 H. A. Leupold and E. Potenziani II, IEEE Trans. Magn. MAG-23, 3628 
(1987). 

3 H A. Leupold and E. Potenziani II, J Appl. Phys. 70, 6621 (1991) 

■'H. A. Leupold, E. Potenziani II, and A. S. Tilak, IEEE Trans. Magn. 
MAG-28, 3045 (1992). 

5 H. A. Leupold, E. Potenziani II, D J. Basarab, and A. Tilak, J. Appl. Phys. 
67, 4650 (1990). 
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Laminar construction of spheroidal field sources 
with distortion-free access 

H. A. Leupold, A. S. Hiak, and E. Poienziani, II 

U.S. Army Research Laboratory, AMSRL-EP-EC-H, Fort Monmouth, New Jersey 07703-5601 

Certain high-field permanent magnet structures in the forms of spheroidal and cylindrical shells can 
be altered so that access ports through specified areas of the shells have minimal detrimental effect 
on the field integrity in the internal working space. This can be effected either parametrically or 
geometrically. Both approaches result in an increase of fabricational complexity; the former because 
it entails components with a variety of magnetizations and the latter because it requires a variety of 
geometric dimensions. This article describes how simplifying approximations to either type of 
structure can be obtained by an assembly of laminar pieces cut from sheets or slabs of per nanent 
magnet materials with their magnetization oriented parallel to their principal faces. 


INTRODUCTION 

Several variants of the high-field permanent magnet 
sources sometimes known as “magic” rings, spheres, or cyl¬ 
inders have been designed recently 1 ' 3 to meet the demands 
of miscellaneous applications. Some of these are illustrated 
in Fig. 1 from which it can be seen that each has complexi¬ 
ties of shape or distribution of magnetization that might 
make its fabrication seem unduly difficult and expensive. 
However, all such structures can be made from sheets or 
slabs of material that are uniformly magnetized parallel to 
their faces. 


STANDARD RINGS, CYLINDERS, AND SPHERES 

One can cut circular rings “cookie-cutter” style from a 
uniformly magnetized slab and then, as shown elsewhere, 4 
divide the ring into the desired number of sectional seg¬ 
ments. Each segment is then rotated about its local radius to 
form the “magic ring” as shown in Fig. 2(a). Such rings can 
be stacked congruently to form dipolar cylinders 5 or beveled 
to form melonlike components of a “magic sphere” and 
bounded together [Fig. 2(b)]. 

The discs cut from the centers of the ring shells can be 
used either to make smaller “magic” rings or spheres or to 
be formed into cylindrical or spherical dipoles for possible 
use for field defect compensation as in MRI systems. 5 The 
cylindrical verb ms could even be turned into adjustable- 
strength dipoles , i a cutting of the center of the cylinder to 
form a smaller nested cylinder in a shell of equal dipole 
strength [Fig. 2(c)], then, by rotation of the two with respect 
to each other, any dipole strength from zero to plus/minus the 
maximum is obtainable. 


SPHERES AND CYLINDERS WITH DISTORTION-FREE 
ACCESS 

In these structures, the required magnetizations in the 
circular or spherical segments vary in magnitude and are 
always either radial or transverse in direction depending 
upon where zero magnetization is desired, so that distortion- 
free access holes can be drilled there. 6 If access is to be at the 


poles, magnetization is transverse or tangential, whereas if 
access and zero magnetization are to be at the equator, it is 
radial. 

Such structures [Figs. 1(b) and 1(c)] also can be fabri¬ 
cated from uniformly magnetized sheets but then a variety of 
sheets with different magnitudes of magnetization are neces¬ 
sary. The closer the approximation to an ideal continuous 






FIG. 1. Cylindrical or spheroidal permanent magnet cross sections: (a) stan¬ 
dard, (b) for distortion-free access (DFA) at the poles, (c) for DFA at the 
equator, (d) full remanencc DFA at the poles, (e) full remanence DFA at the 
equator Arrow sizes indicate relative magnetizations. 
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FIG. 2. Assembly of a (a) “magic cylinder,” (b) “magic sphere,” and (c) 
adjustable dipole. 


FIG. 4. Cutting of uniformly magnetized slabs to produce structures of Fig. 
3. (a) Segments for structure of circular cross section with polar access; (b) 
segments for structure of circular cross section with equatorial access; (c) 
segments for oblate structure with polar access; (d) segments for prolate 
structure with equatorial axis. Arrow sizes arc indicative of relative magne¬ 
tizations. 



i 

1 


structure, the more different magnetizations will be needed. 
Thus, the ideal structure can be approximated as closely as 
desired by substitution of the circular segments with trap¬ 
ezoids as in Figs. 3(a) and 3(b). 

All of the segments of a given latitude have the same 
magnitude of magnetization and so can be fabricated entirely 
from a single uniformly magnetized slab. The pieces are cut 
from it in trapezoidal form with the ratio of lengths of the 
parallel sides equal to the ratio of the outer to inner radius of 
the finished structure. Figure 4 shows the cutting pattern for 




FIG. 3. Approximations to structures of Fig. 1 with trapezoidal segments. 
Arrow sizes indicate relative magnetizations 


structures of Fig. 4(a) polar access and Fig. 4(b) equatorial 
access. Note that in the latter case, there are two kinds of 
segments: oriented inward and outward. Both are needed in 
equal numbers as produced by the cutting patterns of Fig. 
4(b). In all cases, the final two-dimensional rings can be 
beveled to form segments of spheroids as already mentioned 
for the case of the standard “magic ring.” 

SPHEROIDS AND CYLINDERS WITH ONLY ONE 
MAGNITUDE OF MAGNETIZATION 

The manufacture of structures of the previous section is 
complicated by the necessity of having a variety of magne¬ 
tizations in the standardized sheets or slabs from which the 
segments are cut. Minimum-distortion access can also be ef¬ 
fected by use of constant magnetization and segments whose 
radial dimension has the same angular dependence as does 
the magnetization in the circular cylindrical and spheroidal 
structures [Figs. 1(d) and 1(e)J. These are cut and assembled 
in the same way except that in the present case, the width of 
the cut zig-zag patterns varies instead of their magnetization 
[Figs. 4(c) and 4(d)]. 

SUMMARY AND CONCLUSIONS 

“Magic” rings and spheres and all their uniform field 
variants can be manufactured by the proper cutting up of 
uniformly magnetized laminas and the subsequent reassem¬ 
bly of the resulting pieces. 


l, 
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Effect of magnetization profiles on the torque of magnetic coupling 

Der-Ray Huang and Gwo-Ji Chiou 

Opto-electronics and System Laboratory, ITRI, Hsinchu 310, Taiwan, Republic of China 

Yeong-Der Yao 

Department of Tty sics, National Chung Cheng University, Chiayi 621, Taiwan and Institute of Physics, 
Academia Sinica, Taipei 115, Taiwan, Republic of China 

Shyh-Jier Wang 

Opto-electronics and System Laboratory, ITRI, Hsinchu 310, Taiwan, Republic of China 

The torque of magnetic coupling is sensitive to the number of magnetic poles, the magnetization 
profiles, the magnetic field strength of magnets, and the separation distance between the magnets of 
the coupling. For different multipole magnetic couplings with the same magnetic field strength, the 
torque of magnetic coupling is proportional to the number of magnetic poles at small separation 
distance, but it is inversely proportional to the number of magnetic poles as the separation distance 
becomes large. The theoretically calculated values of the torque of magnetic coupling are in 
excellent agreement with the experimentally measured values. 


Magnetic coupling devices transmit torque between a 
primary driver and a secondary follower, without any me¬ 
chanical contact. They can operate in gas or liquids, and can 
transmit torque through a separation wall. The magnetic cou¬ 
pling can also be used as an overload protection device or to 
transmit instrument readings from a vacuum or pressure 
enclosure. 1,2 From both fundamental and applied viewpoints, 
magnetic coupling devices are of considerable interest. 3-5 

The axial magnetic coupling device for this study was 
constructed by using a pair of hard ferrite ring magnets that 
were magnetized with a multipole configuration along the 
axial direction. For example, Fig. 1 shows a 10-pole mag¬ 
netic coupling device. All ring magnets used in this study 
have an outer radius of 56 mm, an inner radius 40 mm, and 
a thickness of 9 mm. The magnetization profiles with 6, 8, 
and 10 poles were used to analyze the variation of magnetic 



coupling. The magnetic field distributions of the ring mag¬ 
nets were measured by placing a Hall probe over the surface 
of the magnets. The torque between the two magnets was 
measured by using a Kowa-Giken torque meter. 

The torque and force between these two coaxial ferrite 
rings are functions of several variables including the number 
of pole pairs, dimensions, separation distance, material prop¬ 
erties, the relative angular offset of the magnets, etc. Re¬ 
cently, a three-dimensional theoretical analysis has been de¬ 
veloped by Furlani for computing the transmitted force and 
torque of an ideal magnetic coupling. 6 ' 7 Therefore, the effect 
of magnetization profiles on the torque of magnetic coupling 
can be studied by both experimental measurement and theo¬ 
retical calculation. 

For the theoretical analysis, it is assumed that the mag¬ 
netization profiles of the magnetic rings are uniform through¬ 
out the magnets, and it is characterized by a uniform polar¬ 
ization. The concept of this theoretical analysis is to 
represent one of the magnetic rings as a distribution of 
equivalent currents, and to consider the field due to the other 
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FIG. 1. Magnetic coupling with 10-polc magnets. 


FIG. 2 The torque of magnetic coupling vs separation distance. 
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FIG 3. The magnetic field distribution of the magnet measured at a distance 
of 0.3 mm above the magnet: (a) 6-polc magnet, (b) 10-pole magnet. 
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FIG. 4. The magnetic field distribution of the magnet measured at a distance 
of 10 mm above the magnet: (a) 6-pole magnet, (b) 10-pole magnet 


magnet as an external field. After mathematical derivation, 
the torque can be obtained by summing the contributions 
from all of the sectors and surfaces of the magnets. The final 
form of the formula for the torque r z tola |( 0) of a magnetic 
coupling is 7 


^z,tolal( 0) 


£0 

47T 



NpoioNfl 0 


2 N r N d N r N e N lc 2 


i=l ; = 1 i' —1 /' = 1 n = 1 m = 0 


(_ i )( n+m) g m r,r,i sin 
[rf + r], - 2r,r t > cos( 6 ] ~6 I >) + ii 2 ] 3/2 ’ 

where is the number of poles, M is the uniform mag¬ 
netization, /?) is the inner radius of the magnet, R 2 is the 
outer radius of the magnet, and N r and N e are the number of 
radial and angular mesh divisions, respectively, of the sectors 
used for calculation. The variables h m and a m are given by 
h m = h + rnt m and a m = -m 2 + 2m+l, where t m is the thick¬ 


ness of magnets, h is the separation distance, ^.nd m = 1 for 
this study. The theoretically predicted torque numerically 
evaluated using the above torque equation can easily be com¬ 
pared with the experimental torque measurements. 

Figure 2 shows the torque of magnetic coupling as a 
function of the separation distance d of magnets that are 
magnetized with 6, 8, and 10 poles. The torque of magnetic 
coupling decreases quickly as d is increased at a small sepa¬ 
ration distance. This means that the rate of decrease of the 
torque at small d is a function of the number of poles. How¬ 
ever, it becomes roughly the same value for large d. For 
different multipole magnetic couplings, under the same mag¬ 
netic field strength of magnets, the magnitude of the torque is 
proportional to the number of poles at separation distances of 
magnets within a ctrtain range, but it becomes inversely pro¬ 
portional to the number of poles as the separation increases 
outside of that range. For example, the torque of a 10-pole 
magnetic coupling is greater than that of a 6-pole magnetic 
coupling at d less than 8 mm, but the torque is inversely 
proportional to the number of poles at d over 8 mm. This 
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FIG. 5. The magnetic field distribution of the magnet measured at a distance 
of 0.3 mm above the magnet, (a) big square wave profile, (b) hybrid wave 
profile, (c) small wave profile. 


phenomenon can be explained by analyzing the magnetic 
field distribution of the magnets used in the magnetic cou¬ 
pling. Figure 3 shows the magnetic field distribution of a 
6-pole magnet and a 10-pole magnet at a distance 0.3 mm 
over the magnet. The average magnetic field strength is 
about 1 kG for both the 6-pole and 8-pole magnetic cou¬ 
plings. However, if we measure the magnetic field distribu¬ 
tion of a 6-pole and a 10-pole magnet at a distance 10 mm 
over the magnet, the magnetic field strength is about 129 G 
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FIG. 6. The torque of magnetic couplings using different magnetization 
profiles 


for the 6-pole magnet, but it is about 70 G for the 10-pole 
magnetic coupling, as shown in Fig. 4. This indicates that the 
magnetic field strength of the 10-pole magnet is less than 
that of the 6-pole magnet because the magnetic circuit loop 
of the 10-pole magnet is smaller than that of the 6-pole mag¬ 
net at separation distance greater than 8 mm. Therefore, the 
torque of the 6-pole magnetic coup'ing is greater than that of 
the 10-pole magnetic coupling at separations greater than 8 
mm. Considering the theoretical calculation, the torque of 
magnetic coupling at small separation distances matches well 
with the experimental data, as shown ip Fig. 2. 

The magnetization profiles of the multipole magnets can 
affect the torque of magnetic coupling markedly. Different 
magnetization profiles can be controlled by the design of the 
magnetizing fixtures. Figure 5 shows different magnetization 
profiles with a big square wave, hybrid wave, and small 
wave for a 10-pole magnet. The maximum magnetic field 
strength of the big square wave profile is about 1 kG as 
shown in Fig. 5(a), and the maximum magnetic field strength 
of the small wave profile is about 700 G as shown in Fig. 
5(c). The magnetic field of the hybrid wave profile shown in 
Pig. 5(b) is a combination of the wave profiles from Figs. 
5(a) and 5(c). The torque curves of the 10-pole magnetic 
coupling with different magnetization profiles are shown in 
Fig. 6. The torque of magnetic coupling with the big square 
wave profile is greater than that of the hybrid wave profile, 
and the torque of magnetic coupling with the hybrid wave 
profile is greater than that of the small wave profile. 

1 J. P. Yonnel, Proceedings of the 12th International Workshop on RE Mag¬ 
nets and their Applications (University Western Australia, Hedlands, 
1992), p. 608-617. 

2 J. P. Yonnet, IEEE Trans. Magn. 17, 1 159 (1981). 
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J J. P. Yonnet, IEEE Trans. Magn. 17, 2291 (1981). 
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6 E, P. Furlani, IEEE Trans. Magn. 29, 4165 (1993). 

7 E. P. Furlani, IEEE Trans. Magn. 29, 2295 (1993). 


6864 J. Appl Phys., Vol 76, No. 10,15 November 1994 


Huang et at. 





A magnetic coupling without parasitic force for measuring devices 

Jean-Paul Yonnet and Jerome Delamare 

Laboratoire d’Electrotechnique de Grenoble (URA 355 au CNRS), ENSIEG, B.P. 46, 38402 
Saint Martin d’Heres Cedex, France 

Original structures of permanent magnet couplings have been studied. They can transmit a torque 
without creating forces or stiffnesses between the driver and the driven part. Except for torque, the 
two parts are in indifferent equilibrium. These couplings have been designed for measuring devices 
in which they exert no force on the bearings but they can be used in other domains. 


I. INTRODUCTION 

Permanent magnet couplings (PMC) are synchronous 
devices which allow a torque to be transmitted through a 
partition wall. Two types of PMC are commonly used, the 
coaxial type operating with a cylindrical separation wall, and 
the face-type coupling which has a plane airgap. 1 Other types 
of PMC exist for specific applications. In this article, we 
shall present PMC configurations which are well-adapted to 
measuring devices. The main characteristic of these cou¬ 
plings is to transmit angular information without disturbing 
the measuring system. 

In a PMC, magnet interaction allows torque transmis¬ 
sion, but it also creates forces in the axial and radial direc¬ 
tion. The stiffnesses, which are the force variations, are also 
very high. These forces have to be supported by the me¬ 
chanical bearings, which produce frictional torque. Special 
configurations allow a torque to be transmitted without any 
force and stiffness, 2 but they are not well-adapted to large 
airgaps and only operate correctly with a high pole number. 

The couplings presented in this article have been de¬ 
signed for measuring devices. They do not create any force 
between the two halves, even if the driver part is suomitted 
to axial or radial displacement. Consequently, the friction on 
the mechanical bearings is reduced and does not disturb the 
accuracy and the sensitivity of the measurement. Moreover, 
these couplings operate with a large airgap, and have a re¬ 
duced pole number, 2 or 4. 

II. MAGIC CYLINDER COUPLING 

A cylindrical magnet with roi.'.ting distribution of the 
magnetization direction creates a very homogeneous field in 
its central part. 3 This device is often called a “magic 
cylinder.” 4 For a two-pole system, a constant dipole field is 
produced in the interior cylindrical cavity of magnitude 

« m =J 1 ln(R t JR mt ), 

where J x is the magnet polarization in tesla, R exX and R iat are 
the outer and the inner radii of the annular magnet. 

This magic cylinder is the driver part of the coupling. 
The driven part is made of a small magnet in the middle of 
the hole (Fig. 1). Since the small magnet is situated inside an 
almost perfect homogeneous transversal field, it is not sub¬ 
mitted to any force or stiffness, but it can transmit a torque 
whose maximum value is given by 


I ma x~J2 v Hm . 

where v is the volume of the driven magnet and J 2 its polar¬ 
ization. 

To obtain perfect insensitivity to the radial and axial dis¬ 
placement of one part from the other, a relatively long magic 
cylinder has to be used. The end effects produce a field dis¬ 
tortion at a depth d which is about 

d~0,7(R ext +R iM y, 

consequently, the length of tne cylinder L must be at least 
twice its diameter. 

Figure 2 presents a four-pole version of magic cyl¬ 
inder coupling. The end effects are reduced in this configu- 




FIG. 1 A magic cylinder coupling. 
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FIG. 4. Measurement of the field intensity in the four bar-shaped magnet 
coupling. 


ration. A prototype has given very good results: the maxi¬ 
mum torque transmitted was relatively high (2X10 -2 Nm) 
and the absence of forces in a large domain of radial and 
axial displacements has been verified. 

Several other configurations have been investigated. An 
interesting one uses a driver part made with four bar-shaped 
magnets. 

III. BAR-SHAPED MAGNET COUPLING 

The driven part is equipped with four bar-shaped mag¬ 
nets which are parallel to the rotation axis (Fig. 3). This 
system takes the place of the previous magic cylinder, and 
can be seen as an incomplete cylinder. The bar length is 
equivalent to the cylinder height L, and the end effects are 
identical. 

In comparison with the magic cylinder system, the four 
bar-shaped magnet coupling has a lighter driver part which 
reduces the inertia of the measuring device. 1 he volume of 
very good homogeneity of the magnetic field is smaller, es¬ 
pecially in the radial direction. Consequently, the domain of 
null forces and stiffnesses is reduced, but it remains suffi¬ 
cient. 

The maximum transmissible torque can be easily calcu¬ 
lated by simplified expressions since the airgap is relatively 
large. By using the following notations: 





FIG. 3. The four bar-shaped magnet coupling. 



(a) for the driver part; 

5 section of each bar, 

L length of the bar, 

7] magnet polarization, 

R average distance between the center and each bar. 

(b) for the driven part; 
v magnet volume, 

7 2 magnet polarization (in tesla). 

The intensity of the magnetic field (H 4b ) is given by 

2 S 

H 4b - ^ l~ni 

TTjtlo R 

and the maximum torque is obtained by 
2 Sv 

7T/i, 0 K 

IV. EXPERIMENTAL STUDY 

A prototype designed for a gas meter has been built. The 
following dimensions have been chosen 

(a) for the driver part; 

5=9 mm 2 (3 mmX3 mm), 

L =20 mm, 

R = 10 mm, 

7j=0,4 T (anisotropic ferrite magnets). 

(b) for the driven part; 
r 2 =5 mm, 

/i 2 =4 mm, 
u=314 mm 3 , 

7 2 =1, 2 0 T (NdFeB magnet). 

The domain of uniform field between the four bars has 
been investigated. In the center, we have measured a field 
H 4b of 18 kA/m. 

We have studied variations of intensity of the field H 4b as 
a function of the distance from the center r and the direction 
9 (Fig. 4). The results are presented in Fig. 5. The homoge¬ 
neity is very good for a radial distance lower than 2 mm. 
After, the field slowly increases when moving toward a bar 
magnet and decreases between two bars. 
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FIG. 5. Field variation aiound the centered position. In the center, 18 
kA/m. 


The forces and stiffnesses have not been measured pre¬ 
cisely because they are too small around the centered posi¬ 
tion. The magnetic interaction between the two parts creates 
very low parasitic forces. 

The torque has a sinusoidal variation with the internal 
angle. Its maximum value is 6.3 X10 -3 Nm (63 gem). It 
agrees correctly with the calculated value of 6.8X10 -3 Nm. 


V. CONCLUSION 

T\vo unconventional types of permanent magnet cou¬ 
plings have been studied. They can transmit a torque without 
creating forces or stiffnesses between the two parts of the 
coupling. The first one uses the specific property of field 
homog aeity inside a magic cylinder. A magnet situated in 
this field can exert a torque, but it is not submitted to any 
force. The second one is built with four bar-shaped magnets. 
It is lighter and has lower inertia. For these two couplings, 
the measurements on prototypes are in good agreement with 
the calculated characteristics. 

These couplings have been designed for measurement 
devices where they can be used to transmit a torque without 
creation of forces and friction on the mechanical bearings. 
They can have other applications, like for example vibration 
insulators. 
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Accurate determination of permanent magnet motor parameters 
by digital torque angle measurement 

M. A. Rahman and Ping Zhou 
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This article presents a novel test method to determine the important load dependent reactance 
parameters',^, and magnet-excited voltage E Q of permanent magnet (PM) motors. The results 
bring forward a cle>. picture of the impact of the previous assumption of constant E 0 on the value 
of X d . As improv j accuracy and fast data sampling are required for online control, the traditional 
method for measuring torque angle is deficient. To this end, a new microprocessor-based digital 
torque angle measurement system was designed and built. At the same time, a scheme for accurately 
positioning the zero torque angle is proposed without referring to the interior structure of a motor. 
The proposed techniques have been successfully employed for a 1 hp laboratory permanent magnet 
motor. 


INTRODUCTION 

The effects of saturation for PM motor are profound. It 
was recognized that saturation would cause d-axis reactance 
X d and g-axis reactance X q to vary with load and supply 
voltage. 1,2 What is perhaps easily overlooked is the assump¬ 
tion that the £ 0 is constant for all loads. In addition, the d-q 
axis quantities are no longer independent due to saturation. 
The significance of these effects has been clearly mentioned 
in the previous works from the simulation point of view.- 1,4 
The investigation from a testing point of view has been char¬ 
acterized by Miller’s early work. 5 The load test method pro¬ 
posed by Miller is to determine X d from the stator d-axis 
voltage component and X q from the q -axis voltage compo¬ 
nent, respectively, under the assumption of constant £ 0 . The 
failure to consider the variation of E 0 with load is due to the 
fact that effects of the permanent magnet excitation voltage 
£ 0 and the d-axis armature reaction are inherently linked 
together by the stator d-axis voltage component, and usually 
cannot be separated. In this article, a modified load test 
method is proposed to determine these load-dependent pa¬ 
rameters, X d ,X q , and £ 0 more accurately for practical use. 

It is necessary to properly measure the torque angle S at 
any load condition for performance prediction. In addition, 
torque angle is also an important control parameter for vari¬ 
able frequency inverter driven PM motors. It is necessary 
that the measurement is conducted within an interval of time 
that should be very small compared to the mechanical time 
constant of the machine. With increasing emphasis on online 
digital control, it has also become necessary to obtain the 
quantities of torque angle in digital form, and the conven¬ 
tional stroboscopic method is no longer suitable for such 
applications. To this end, a fast-response microprocessor- 
based torque angle measurement system has been designed 
and built. 

Due to the characteristics of PM motor, the precision of 
measured torque angle is highly related to the accuracy of the 
positioning of zero torque angle 8= 0. However, for a PM 
motor under normal voltage supply, the no-load operation is 
at <?=<% and therefore cannot be used to position the zero 
torque angle. Usually, some approximate methods 5 are em¬ 
ployed to determine the position of 5=0. Therefore, it is 


desirable to find a way which can accurately locate the zero 
torque angle position for precision measurement and control 
purposes. 

MODIFIED TORQUE TEST METHOD 

Because the parameters X d , X q , and E 0 tend to vary 
widely with loads, their values must be quoted together with 
the load and voltage conditions under which they were de¬ 
termined. From the phasor diagram of a PM motor 4 one can 
get 

E, sin 5,=/] sin 0X q , (1) 

E, cos 5,=£ 0 +^i cos f3X (l . (2) 

It is noted that once the data of applied voltage V, current 1 1 , 
input power P,, and torque angle 8 are known from the load 
test, other quantities in Eqs. (1) and (2) can be easily ob- 


tained as 


v=arccos 37“r 

(3) 

P=Y + S~<p, 

(4) 

£,= \j(V sin <5-t-/jrj cos 0) 2 +(V cos S-I^r^ 

sin 0) 2 , 

(5) 

and 


V sin 8+l x r j cos 0 

8j =arctan . , . „. 

V cos 8-r\l\ sin 0 

(6) 


From Eq. (1), the X q can be easily obtained. However, from 
Eq. (2), it is inadequate to evaluate the two unknown quan¬ 
tities E 0 and X d . To this end, a small change of the load is 
exerted to obtain another set of test data and get the follow¬ 
ing equation as 

E[ cos S',=E 0 +I[ cos f3'X d . (7) 

The solution of the simultaneous algebraic Eqs. (2) and (7) 
would give the saturated values E 0 and X d for any operating 
point. In practice, the procedure is simply to produce three 
curves £,(/?), 8,(0), and I x {0) by curve fitting from re- 
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FIG. 1. Test results of X d ,X q , and E 0 with torque angle S. 

corded data which cover the entire range of different loads. 
Then, the required information for both Eqs. (2) and (7) can 
be obtained from these curves. 

Figure 1 shows the values of X d ,X q , and E 0 for a 1 hp, 
4-pole interior-type PM synchronous motor by using the 
above-proposed modified load test method. The effect of as¬ 
suming constant E 0 , as made in the original load test 
method, 1,5 on the value of X d can be clearly seen from the 
dashed-line curve in Fig. 1. Over a load range around <5=47° 
where the armature reaction in d axis is changing from mag¬ 
netizing to demagnetizing mode, the value of X d becomes 
extremely irregular. This phenomenon was also observed in 
references. 5,6 This irregularity is mainly due to the assump¬ 
tion of constant £ 0 which, in fact, is dependent on the satu¬ 
ration level, particularly in the region of ferromagnetic 
bridges. It is evident from Fig. 1 that E 0 is load dependent. 

MICROPROCESSOR-BASED LOAD ANGLE 
MEASUREMENT 

The torque angle of a synchronous machine is defined as 
the angular displacement between the excitation voltage E 0 
and the terminal voltage V. For motoring operation, when the 
zero crossing of any one of the three phase terminal voltages 
as the reference to initiate a pulse and the zero crossing of 


the magnet excitation voltage in the same phase winding to 
terminate the pulse are used, the resulting pulse width will 
then represent the instantaneous torque angle. For generating 
mode, the reverse will happen. 

The signal representing the excitation voltage is derived 
from a transducer consisting of a rotor shaft-mounted disc 
with an equispaced hole drilled on the circumference for 
each pole pair and a stator frame-fixed photocoupler. This 
photocoupler can produce a pulse whenever any one of the 
holes cuts across the photocoupler governed by the rotation 
of the shaft. This arrangement can always provide one pulse 
per cycle of the terminal voltage when the shaft rotates at 
synchronous speed. The produced chain of low voltage 
pulses are then amplified to TTL level using voltage com¬ 
parator as shown in the block diagram of Fig. 2. 

The reference phase voltage signal is derived through a 
step-down transformer. Before the reduced sinusoidal volt¬ 
age is converted into a 5-V rectangular pulse by a zero¬ 
crossing detector, a phase-lag shifter with a range of 0°-180° 
is employed to provide an approximate means for position¬ 
ing the zero torque angle. It is intended to ensure that the 
photopulse at point a in Fig. 2 will align with the terminal 
voltage pulse at point b at no-load operation by adjusting the 
variable resistor of the phase shifter. A compensator is then 
used to make the phase shifter work in both phase lead and 
phase lag. 

It is noted that for the motoring mode, the pulses at point 
b in Fig. 2 have to be taken as reference; while for generating 
mode, the pulses at point a have to be taken as reference. 
Therefore, a multiplexer circuit is employed to enable this 
measurement device to be applicable to both the motoring 
and generating modes. 

If the output gate pulse of the phase detector at d is 
combined with the 1-MHz clock pulses at /, a chain of the 
clock pulses at g are produced through an AND gate, and the 
number of these clock pulses is a measure of the torque 
angle. However, when these clock pulses are used to drive a 
16-bit BCD counter, occasionally, false counting may occur. 
The reason is that in the case of high machine speed and 
heave load, the next output gate pulse at d may start before 



FIG 2. Block diagram for torque angle measurement. 
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the final settled number of the counting is latched to the 
buffer and counter is cleared. To avoid this undesirable op¬ 
eration, a pulse inhibitor is employed to ensure that no fur¬ 
ther gate pulses would pass to the AND gate until die reset 
signal is issued, which comes from t he reset switch or inter¬ 
rupt acknowledgment signal ( INTA ) from the microproces¬ 
sor as indicated in Fig. 2. 

Since 1-MHz clock frequency is employed, for a 60-Hz 
power supply system, there are 8333 pulses corresponding to 
180° electrical, which is the maximum torque angle to be 
measured. Thus, a resolution of 0.02 electrical degree per 
pulse is obtained. To obtain a stable reading, the buffer is 
enabled after the counting is over and hold the information 
until the arrival of next count. The output of the buffer is 
further fed into a microprocessor using 8255 programmable 
parallel port as the interface. At the same time, the buffered 
data are also decoded by display driver into 7-segment LED 
display. The clock signal for latching the buffer and the in¬ 
terrupt signal can be derived from the output of the pulse 
inhibitor through a delay element to account for the propa¬ 
gation delay of the 16-bit cascade counter. The interrupt sig¬ 
nal is produced using a JK flip-flop whose output goes high 
once the delay is over. 

The above-mentioned torque angle measurement system 
was designed, built and tested on the 1 hp, 4-pole PM motor 
which is coupled to a conventional synchronous generator. 
The measurement system functioned properly as desired and 
was also found to be very stable over the entire range of 
operating conditions. 

DETERMINATION OF ZERO TORQUE ANGLE 
POSITION 

From the above discussion, it is noted that the signal 
representing the excitation voltage cm be errorless only if 
the holes on the disc are aligned with the d axis of the rotor 
and the photocoupler is positioned at the axis of that stator 
phase winding whose applied voltage is taken as the refer¬ 
ence signal. However, unless special marks were made on 
the rotor during assembly, there is no obvious reference to 
determine the position of the d axis. In order to overcome 
this difficulty, a scheme is introduced to find out the posi¬ 
tions of the d axis of the rotor and the axis of the reference 
stator phase winding without the need to concern the interior 
structure of the motor. The procedure is described as follows: 

(1) Mount the disc with an equispaced hole for each 
pole pair on the rotor shaft and fix the photocoupler to the 
stator frame, both at any position. Then, take any one of 
three phase voltages, e.g., phase A to provide the referenced 
phase voltage signal for the primary of the step-down trans¬ 
former. 

(2) Turn on the three-phase power supply and run the 
PM motor at no-load. By reversing the leads of the phase A 
power supply to the primary of the transformer and inter¬ 
changing the three phase power supply leads A, B, and C to 
the three phase stator windings, find out the connection 
which would lead to a minimum torque angle reading. Under 
this connection, the stator winding connected to the phase A 
power supply is then the phase A stator winding. 


(3) Run the motor first in one direction and get the 
torque angle reading, then do the same at the reverse direc¬ 
tion by interchanging the phase B and phase C power supply. 
Assuming that the photocoupler was just positioned at the 
axis of phase A winding of the stator, then both the torque 
angle readings should be the same if the holes on the disc 
were aligned with the d axis of the rotor. This suggests that 
the disc has to be moved towards the rotating direction 
which has given the larger torque angle reading if both read¬ 
ings are not the same. This adjustment is repeated until the 
two readings corresponding to forward and backward rotat¬ 
ing directions are reasonably close. 

(4) In the step 3, it is assumed that the arbitrary posi¬ 
tioning of the photocoupler was aligned with the axis of 
phase A winding, Generally speaking, it is not true. Hence, 
an adjustment is needed to relocate the position of the axis of 
phase A winding. It can be done by applying a low dc volt¬ 
age between phase A and the shorted point of phases B and C 
of 3-phase Y-connected stator windings. What happens is 
that the disc will rotate in such a way that the holes on the 
disc, which represents the d axis of the rotor, should move to 
the axis of phase A winding. As a result, one can easily 
relocate the photocoupler to the position as indicated by the 
holes. 

Due to the adjustment of photocoupler position in step 4, 
the holes on the disc have to be positioned again by repeating 
step 3. This iteration process is continued until no further 
adjustment is made in step 4. Practical application shows that 
only few iterations are required for both the holes on the disc 
and the photocoupler to converge to its desired position. 

By using the proposed scheme, the initial torque angle 
for the 1 hp laboratory test PM motor was 29.6°; while using 
the approximate method, the initial torque angle was 22.2°. It 
can be seen that the error caused by the approximate method 
is quite significant. 

CONCLUSION 

In this article, a novel load test method is proposed to 
determine the saturated parameters X d , X q , and E 0 . This 
method not only takes into account the variation of E 0 with 
load and the interaction between d-q axis quantities, but is 
also convenient to use for practical applications. The devel¬ 
oped microprocessor-based torque angle measurement sys¬ 
tem can provide fast transient response with adequate reso¬ 
lution for measuring and control purposes. A prototype 
system was successfully built and tested in a 1 hp laboratory 
PM synchronous motor. 
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A three-material passive dl/dt limiter 
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This article introduces and examines a composite magnetic device (called a dl/dt limiter) which 
functions as a bilevel inductor. For dc currents below a designed threshold level, the inductance and 
resistance of the device is quite low. However, the inductance of the device increases dramatically 
for all currents greater than the threshold level. In this article a set of performance equations are 
derived which describe the inductance of the dlldt limiter as a function of current. The data 
obtained from these performance equations are compared to the results of a sei of finite element 
simulations. 


I. INTRODUCTION 

In our earlier work, 1,2 we have examined a composite 
magnetic device which could function as a protective unit in 
voltage source fed circuits. This device, called a cylindrical 
dlldt limiter, functions as a bilevel inductor. It has a low 
inductance value for all currents below a designed threshold 
level, and a dramatically increased inductance when the cur¬ 
rent in the device increases beyond the threshold level. This 
dlldt limiter would limit the rate of current change in volt¬ 
age source circuits during overcurrent fault conditions, while 
having only a modest effect on the circuits normal operation. 
During a fault it may also be possible to maintain the current 
in the dl/dt limiter, and hence in the series connected exter¬ 
nal circuit, at a nondestructive level long enough for the 
nature of the fault to be determined. Once determined, the 
appropriate actions would be taken to correct the source of 
the fault without the need for shutting down the circuit as a 
tripped fuse or breaker would. 

This article exr lines a three-material square geometry 
dl/dt limiter which uses corner blocks of a high permeabil¬ 
ity materia! to bend the magnetic flux around the corners of 
the device. The result is that the flux density within the core 
and magnet materials is made more uniform, and the radial 
d“pendence of flux density is eliminated. Thus, not only is 
the transition region largely eliminated, but many of the 
other limitations associated with the cylindrical geometry are 
addressed as well. 

II. THREE-MATERIAL dl/dt LIMITER 

Stripped to its essential components, the three-material 
di/dt limiter is shown in Fig. 1. This device consists of four 
coils with cores composed of alternating slices of a soft-core 
material, and a permanent magnet material. These solenoids 
are joined at the corners of the device by blocks of another 
type of soft-core material which has both a high permeability 
and a saturation flux density which is significantly higher 
than that of the sandwiched core material. 

With zero coil current flowing, the permanent magnet 
slices cause a magnetic flux to flow through the p'-manent 
magnet and core materials with sufficient intensity to satu¬ 
rate the sandwiched core material. The corner pieces provide 
a low reluctance path for the magnetic flux, and so the flux 
exists m a closed path confined mainly to the device. Since 
the sandwiched core material is saturated, the incremental 
inductance (rate of change of flux linkage with respect to 


current) of the device is low. For all negative currents, and 
positive currents smaller than the designed threshold level, 
the core remains in saturation, and the incremental induc¬ 
tance of the dl/dt limiter is low. Still larger coil currents 
reduce the flux density in the core region below the satura¬ 
tion level and into the high permeability region. In this state 
the reluctance of the flux path is low, which causes the in¬ 
cremental inductance of the device to be greatly increased. It 
is this large device inductance which reduces the rate of cur¬ 
rent change in voltage-source-fed circuits. 

III. DERIVATION 

The flux density versus magnetic field intensity (B vs H) 
relationships of the core and permanent magnet materials are 
approximated by linear equations. The permanent magnet 
material is described by 

•®mag + MoAm^mag ■ (1) 

This may be either the natural recoil line of the magnetic 
material, or the result of stabilization. The linear approxima¬ 
tion to the core’s B versus H curve is given by 

In saturation B C0JC ~ ~ B c ~i~ /XQfi s ^H C0K , (2) 

Out of Saturation B C0IC — ^0 Aunsai^core • (3) 

The analysis begins with Ampere’s circuital law 



FIG 1 A three material dlldt limiter: permanent magnet material (black); 
high permeability high saturation flux density material (dark gray); high 
permeability low saturation flux density material (light gray). The four coils 
(white) each surround a core. 
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H-dl ^enclosed • 


(4) 


It will be assumed that the mmf drop within the comer pieces 
is negligible in comparison with the other mmf drops around 
the magnetic circuit. Thus, within the core and magnet ma¬ 
terials 


^mag^mag"^^core^core A/7. (5) 

In Eq. (5), 7 mag and are the total magnetic path 
lengths through the magnet and core materials, respectively. 

While the core material is saturated, the flux density 
within the core material is approximately described by 


^core 


BmB sal^mag Mm^cor e® c 4" MoMmMsatA/L 


M-sat^rnae"*" 


( 6 ) 


The flux linkage (A) within the dl/dt limiter is 
A ii{ =NB cote A mre , and while the core is in saturation, the 
inductance of the dl/dt limiter is 


Lsat 


dl 


Msat^mag'f' Mm 4 


(7) 


When the core is operating in the high permeability re¬ 
gion, the flux density within the core material is 


7*core 


^m4agMunsat~^ MpMmMunsat^/ 
^mag/Ainrat4" Mm^core 


the flux linkage is given by A U n S ai=^S CO r e 4core 
ductance of the dl/dt limiter is 


Lunsat 


^^unsat A A corcMoMmMunsat 


( 8 ) 

and the in- 

(9) 


M ^magMunsat'*' Mm^core 

Let the intersection between Eqs. (2) and (3) be labeled 
B x , then let the coil current required to achieve a flux density 
of B x within the core material be called / knce . 


4nee~ 


74( (magMunsat 4* Mm [core )4~ B m / m ag(Mu nsat’ ~/had 


AMoMm(Munsat Msat) 


( 10 ) 


/ knec is the demarcation point between the low inductance 
region /</knee. an< l th e high inductance region 7>7 knee . 

It can be shown that the volume of permanent magnet 
material required for a given 7 knec and L , jnsat is 


Magnet volume =A mag / mag = 


MoMmL unsa/icnee 




mag 


(ID 


IV. DESIGN OF A THREE-MATERIAL dl/dt LIMITER 


The design process usually begins with a specification of 
the required fault inductance L unsat , and the threshold current 
level 7 knee . For the device pictured in Fig. 1, A core =A mag , 
and so the volume of permanent magnet material is deter¬ 
mined by Eq. (11). 

For most practical core and magnet materials Msat^Mm > 
rearranging Eqs. (7) and (9) yields 


7"unsat 



= 1 + 


core volume 
magnet volume’ 


( 12 ) 


TABLE I. Physical dimensions of six dl/dt limiters. 



1+J= 

‘mag 

10 

20 

#=100 

Square edge D s (m) 

0.1826 

0.1826 


Solenoid length l s (m) 

0.0275 

0.0550 


Resistance R s (Cl) 

0.057 

0.053 

O 

U-l 

II 

* 

Square edge D s (m) 

0.1491 

0.1491 


Solenoid length /, (m) 

0.0412 

0.0825 


Resistance R s (ft) 

0.071 

0.066 

#= 250 

Square edge D s (m) 

0.1155 

0.1155 


Solenoid length l s (m) 

0.0687 

0.1374 


Resistance R s (ft) 

0.095 

0.087 


Since the magnet volume is fixed by Eq. (11), for a given 
L unsat and 7^, the ratio L unsat /L sat is increased at the ex¬ 
pense of an increase in the volume and mass of the core 
material. Increasing A mag reduces 7 mag , for a given volume of 
magnet. This results in a decreased flux path reluctance; thus 
fewer winding turns are required in order to achieve the nec¬ 
essary Lunsat- With fewer turns, the resistance of the dl/dt 
limiter is reduced and the mass of the copper windings is 
lessened. However, increasing A mag also increases the vol¬ 
ume of the four comer blocks (which are proportional to 
A^ g ); achieving the desired balance between device resis¬ 
tance and mass will determine the area A mag . 

Table I summarizes a set of dl/dt limiter designs in 
which Lu ns at=40 and 7 knee =50 A; Table II provides a 

breakdown of the mass of each of the Table I designs. It is 
assumed that the core and magnet cross sections are square, 
the length of each side being D s =(A COK ) m . The symbol l s is 
simply the length of each core from one corner block to the 
next. The material constants for the core and magnet materi¬ 
als are B c =0A T, /i sal = 1.0, /iu„ sal =1000, Z? m =1.0 T, and 
/i m = 1.05. The density of the permanent magnet material is 
7.4 X10 3 kg/m 3 , and the density of both the sandwiched core 
material, and the comer block material is 4.9 X10 3 kg/m 3 . 


TABLE II. Mass of various dl/dt limiler components. 



1+J= 

10 

20 

#=100 

Magnet mass (kg) 

2.713 

2.713 


Core mass 

16.17 

34.13 


Comer mass 

228.1 

228.1 


Coil mass 

16.82 

15.97 


Total mass 

263.8 

280.9 

N= 150 

Magnet mass 

2.713 

2.713 


Core mass 

16.17 

34.13 


Comer mass 

124.1 

124.1 


Coil mass 

21.08 

19.97 


Total mass 

164.1 

180.7 

#=250 

Magnet mass 

2.713 

2.713 


Core mass 

16.17 

34.13 


Comer mass 

57.71 

57.71 


Coil mass 

28.18 

26.04 


Total mass 

104.8 

120.6 
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FIG. 2. A modified three-material dl/dt limiter in which A mlg >A co;: . This 
device uses eight coils instead of four. 


FIG. 3. Flux linkage (A) vs current (/) graph of the three material dl/dt 
limiter. Graph F was obtained from a finite element simulation, and curve P 
is from the performance equations of Sec. III. 


As Table II shows, at low values of N, the mass of the 
corner pieces dominates the total device mass, and spoil 
what would otherwise be a promising design. A modification 
to the three-material dl/dt limiter which addresses this prob¬ 
lem is shown in Fig. 2. In this modification, truncated cones 
of the high permeability, high saturation flux density material 
used for the comer pieces are employed to focus the flux 
from a large diameter magnet through a smaller diameter 
core material. Although a lack of space does not allow a 
complete analysis of this device, Table III shows that consid¬ 
erable savings in material mass and device dimensions can 
be achieved by using this modified design. 


TABLE III. Three modified dl/dl limiter designs: A m3( ,=4A Mle , A= 100 
£unHi = 40 mil, and / kntt =50 A. 


j 1 Mw^mag^core 
core^mag 

10 

20 

100 

Core diameter (m) 

0.0841 

0.0841 

0.0841 

Magnet diamcic. 

0.1682 

0.1682 

0.1682 

Solenoid length /, 

0.0899 

0.0942 

0.1291 

Resistance (11) 

0.053 

0.035 

0.021 

Magnet mass (kg) 

1.21 

1.21 

1.21 

Core mass 

0.428 

0.903 

4.70 

Corner mass 

15.52 

15.52 

15.52 

Coil mass 

18.16 

11.85 

7.26 

Cone mass 

21.36 

21.36 

21.36 

Total mass 

56.68 

50.85 

50.06 


The flux linkage versus current graph for the N=250, 
/corc'^mag device is shown in Fig. 3, along with the resulting 
curve from a finite element simulation. The slope of these 
curves is the incremental inductance of the dl/dt limiter. 

V. CONCLUSIONS 

This article examined a device which has the potential to 
function as a selective rate of current change (dl/dt) limiter. 
For currents below a designed threshold level, it was shown 
that the inductance of this device could be designed to be 
quite small; above this thres! fid level, the inductance of the 
device increases dramatically to another much larger de¬ 
signed value. A simple first-order analysis of the dl/dt lim¬ 
iter was favorably compared to a set of finite element simu¬ 
lations. 

A modification to the basic dl/dt limiter was shown in 
which the flux from a large area permanent magnet was fo¬ 
cused through a smaller diameter core material. The effect of 
this was to significantly reduce the total mass of the dl/dt 
limiting device. 
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An extended magnet in a passive dl/dt limiter 

S. J. Young, F. P. Dawson, and A. Konrad 

Department of Electrical and Computer Engineering, University of Toronto, Toronto M5S-1A4, Canada 

This article examines a composite magnetic device which has the potential to function as a rate of 
current change ( dl/dt ) limiter. A possible application of such a device is to protect 
voltage-source-fed systems, either ac or dc, from overcurrents during fault situations. The operation 
of this dl/dt limiter is discussed, and performance equations are derived. Results obtained from this 
analysis are compared to a set of finite element simulations. An improvement to the basic design is 
suggested, in which the permanent magnet slices are extended in order to decrease the amount of 
leakage flux surrounding the dl/dt limiter. 


I. INTRODUCTION 

In all but the most trivial of electric circuits, some form 
of overcurrent protection must be provided. Although over- 
current protection has traditionally been provided by break- 
eir and fuses, there are numerous applications where some 
add.fional method is needed in order to guarantee circuit and 
comj onent security. This is especially true of certain semi¬ 
conductor devices, which have a very low tolerance to over¬ 
currents due to the very low thermal capacity of the thin 
semiconductor wafers from which these devices are made. 

This article examines a device, called a cylindrical dl/dt 
limiter, 1,2 which could be placed in series with the fuse, and 
which for normal circuit operation would appear to the cir¬ 
cuit as a low impedance conductor, but which would trans¬ 
form itself into a large inductance when the circuital currents 
exceeded some designed threshold level. 

II. CYLINDRICAL dl/dt LIMITER 

Stripped to its essential components, the cylindrical 
dl/dt limiter is shown in Fig. 1(a). In essence, it is a hollow 
cylinder made up of alternating slices of a soft saturable core 
material (dark gray) and a permanent magnet material 
(black). This cylinder is then surrounded by a coil having in 
general N turns. 

The dl/dt limiter functions as follows: With zero coil 
current, the wedges of a permanent magnet cause a magnetic 
flux to flow in a near-circular path through the magnet and 
core materials with sufficient intensity to saturate the core. In 
this state, the incremental inductance (rate of change of flux 
linkage with respect to current) is low. 

A positive coil current creates a magnetomotive force 
(mmf) which opposes the mmf of the permanent magnets. As 
long as the current does not exceed the designed threshold 
level, the mmf of the permanent magnets is sufficient to 
maintain the core material in saturation, and the incremental 
inductance of the device remains low. Larger positive coil 
currents reduce the flux density in the core region below the 
saturation level and into the high permeability region. In this 
state, the incremental inductance of the device is high. It is 
this increased device inductance which reduces the rate of 
current change in voltage-source-fed circuits. 

The mmf due to negative currents supports the mmf of 
the magnets; the core is forced deeper into saturation, and the 
incremental inductance of the dl/dt limiter remains low. 


III. MODEL OF THE CYLINDRICAL dl/dt LIMITER 

A two-dimensional model of the dl/dt limiter is used as 
the basis for analysis. In essence, it neglects the end effects 
due to the finite length of the dl/dt limiter, and it assumes 
that the magnetic flux flows in circular paths through the 
device. 

The flux density versus magnetic field intensity (B vs H) 
relationships of the core and permanent magnet materials are 
approximated by linear equations of the type shown below. 

5 ma g=-S m + MoAmW , mag . (1) 

This may be either the natural recoil line of the magnetic 
material or the result of stabilization. The linear approxima¬ 
tion to the core’s B vs H curve is shown in Fig. 2: 

In saturation B mK = -B c + /ioAsat^core. (2) 

Out of saturation B cme = p, 0 /j, umal H wc . (3) 

IV. DERIVATION OF FLUX LINKAGES AND 
INCREMENTAL INDUCTANCE 

Applying Ampere’s circuital law 

<j> H dl = /enclosed (4) 

to the two-dimensional dl/dt limiter model shown in Fig. 3 
yields a set of equations which describe the static or low 
frequency flux linkages (A) within the dl/dt limiter. By low 
frequency, it is meant that the effects of eddy currents are not 
taken into account. 

The operation of the dl/dt limiter is divided into three 
modes of operation determined by the state of the core. The 
state of the core is determined by the coil current. The total 


FIG. 1. The cylindrical dlldt limiter (left-hand side) and the extended mag¬ 
net version (right-hand side). 
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FIG. 2. The piecewise linear representation of the core material. 


flux linkage has three components: A in is due to the inner 
conductor, A out is due to the outer conductor, and the remain¬ 
ing component is due to the flux in the core. 

Region 1: NI<R 2 f3; The core is completely saturated. 

A-SAT - Ai n "b A saI +A out • (5) 

Region 2: R 2 (3^NI ; £R 3 f3; The core is partially saturated. 
This is a transition region. 

^ TRANS - Ajn”I" A l[ans +A out • (6) 

Region 3: A/S*/? 3 /J; The core is completely out of satura¬ 
tion. 


1 UNSAT 


=A, n +A„ n , at +A, 


un*at 1 il out 


(7) 


^m^mag(/Ainsat Msat) 6 C ((27T f? mag ) R-m + ^mag/Ansat) 
MoMmC Munsat — /Aat) 

( 8 ) 

The incremental inductance (L = dA/dl ) of the basic dl/dt 



FIG. 3. The two-dimensional model of the dl/dt limiter. 


limiter has a constant value L unsat > n the fault region, and a 
lower constant value L SAT in the normal operating region. It 
is only in the transition region that the incremental induc¬ 
tance is a function of current. In the following equations, the 
symbol “Length” is the axial length of the three-dimensional 
device. 


A in 


yUoA 2 /Length 

2tt 


Rl-3R] R\ ln(R 2 /R l )\ 
4(R 2 2 -R*) + (Rl-R]) 2 j 


(9) 


A out 


/i()A^ 2 /Length 

2tt 


Rl-3Rl R$ In (R a /R 3 )\ 

4 (r;-rI) + (Rl-Rl) 2 I 


( 10 ) 


A sa ,=At Length 

y ^ m ^magAsal B c (2tT 0 mj g) /J- m 

^ S a,+ (27r-0 mag ) Mm " ( 3 " 2) 

| //Ml 

^ma g /i sa ,+ (277 

~ ^mag )f J/ m \^2l j 


A nans ^Length 


+ALength 


~ R m® magAunsat 


(R x -R 2 ) + 


MoMmA^unsaiA/ 


^mag/^unsat^ (2 tT ^mag) 

R B c (2tT~ 9 ni ag^Bi 

^mag/^sat (2lT— 9 mag ) fj. m 


MagMunsat (2tt 9mag )/*« 


In 


(Ry-R x )+ 


^ma gMsat"! ( 2 tt ^mag) Bn 


In 


( 12 ) 


R x =NI/(3. (13) 

R x is the dividing radius between the unsaturated core region 
(inside this radius) and the saturated core region (outside the 
radius). 

A unsat =WLength 

x "^m^magMunsal (R -R ) 

0magMunsat + (2 TT~ 0 mag )/X m 3 2 

| BoBmBm^l /^ 3 \ 1 

6 , magM U nsat+(27r-6» mag )/i m "Uz/J' 

Table I summarizes the physical dimensions of three ex¬ 
ample dlldt limiters. Each device has a low inductance re¬ 
gion extending up to 7^=50 A, and each has a fault induc¬ 
tance 7 ,u N sat~ 45 m ll- I® these examples, the material 
constants for the core and magnet material are: yx sat = 1.0, 
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TAnsai = 1000, B c = 0.4 T, /t„,= 1.05, and 7? m = 1.0 T. The 
coil is made of square No. 4 wire (A wire =39 842.5 mil 2 ), 
which has a dc resistance of 0.68611/1000 mil at 25 °C and a 
mass of 0.2335 kg/m. 

In Fig. 4, the flux linkage versus current graph for the 
0 mag =277/20 device of Table I is shown along with the results 
from a set of finite element simulations. The only difference 
between the 16 and 64 segment devices is the number of 
permanent magnet wedges that the magnetic angle 0 mag is 
divided into. Many thin wedges tend to reduce the amount of 
leakage flux outside the device, i.e., more of the flux is con¬ 
fined to the core. Hence, the transition from the low to high 
inductance state is sharpened as the number of wedges in¬ 
creases. However, large numbers of core and magnet wedges 
may be undesirable from a cost and construction perspective. 

In Fig. 1(b), a modified device is depicted in which the 
permanent magnet wedges are extended to the outer edge of 
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TABLE I. Physical characteristics of three dlldt limiters. 


^mjg 

2 IT 

To 

27r 

20 

27T 

loo 

*1 

0.2998 

0.3964 

0.6960 

r 2 

0.3241 

0.4083 

0.6983 

r 3 

0.3565 

0.4491 

0.7681 

*4 

0.3771 

0.4596 

0.7702 

Length 

0.06482 

0.08166 

0.1397 

N 

1852 

1167 

399 

Magnet mass (kg) 

3.33 

3.33 

3.33 

Core mass 

19.8 

41.8 

217.9 

Coil mass 

122.9 

78.95 

39.86 

Total mass 

146.0 

124.1 

261.1 

Resistance (ft) 

0.36 

0.23 

0.12 

^sat (mH) 

6.22 

2.51 

0.43 

L unsat (mH) 

46.0 

44.0 

40.3 

f-UNSAT 

7.4 

17.5 

93.1 

^SAT 





the conductors. Extending the magnets helps to maintain a 
more uniform flux density in the core material. Thus, fewer 
magnetic wedges are required to achieve a sharp transition 
from the low to high inductance state of the device. 

It can be shown, that for the cylindrical dlldt limiter, the 
combined volume of the core and permanent magnets is 


Volume> 


2^M0/*m^knce^UNSflr 

0mag 


(15) 


This is an unavoidable characteristic of the cylindrical dl/dt 
limiter which tends to result in a fairly heavy device for large 
values of / knec and I unsat > or small values of 0 mag . For 
instance, the mass of the 2ir/20 device is 124.1 kg, of which 
3.33 kg is due to the permanent magnets, 41.8 kg is due to 
the ferrite core, and 78.95 kg is dae to the copper conductors. 
For smaller values of L unsat an( l 4neci the weight of the 
device is more reasonable, and the simplicity of the cylindri¬ 
cal device makes it attractive. 


1.5- 

l- 

Flux ®S- 
Linkage 0- 
(Wb). 05 _ 

-1- 

-1.5- 


1) 16 Segment device 

2) 64 Segment device 

3) 16 Seg. extended magnet 

4) Theoretical prediction 
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FIG. 4. Flux linkage vs current graphs for the 0 msg =27 t/ 20 device of Table 
I. The “theoretical prediction” line was obtained from the performance 
equations. The remaining curves are from a set of finite element simulations. 


For currents below a designed threshold level, it was shown 
that the inductance of this device could be designed to be 
quite small; above this threshold level, the inductance of the 
device increases dramatically to another much larger de¬ 
signed value. 

A modification to the basic dl/dt limiter was shown in 
which the permanent magnet wedges were extended to the 
outer edge of the current conductors. The effect of this was 
to reduce the number of wedges required to achieve accept¬ 
able device performance. 

It was also seen that at larger values of threshold current 
and device inductance that the volume and mass of the de¬ 
vice could be considerable, thus the cylindrical dlldt limiter 
would likely only be practical for applications in which 
^knce^UNSAT > s Small. 
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V. CONCLUSIONS 

This article examined a device which has the potential to 
function as a selective rate of current change (dl/dt) limiter. 
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Sr 0 . 75 Ba 02 5 Fe 12 O 1 9 hexagonal ferrite has attracted much attention due to its large (BH),^* values 
and workability. We have prepared sheet magnets by the Dr. Blade method. To examine the effects 
of additives, such as Si0 2 , Ti0 2 , A1 2 0 3 , and Cr 2 0 3 , on magnetic properties of sheet magnets, we 
used VSM magnetometer, x-ray diffraction, and Mossbauer spectrometer. The crystal structure is 
found to be a magnetoplumbite of typical M-type hexagonal ferrite, but the a-Fe 2 0 3 phase develops 
with increasing additives concentration. Using our refined computer program, we have analyzed the 
Mossbauer spectra in the temperature range from 13 to 800 K. The Mossbauer spectra indicate that 
the line intensity for the 12 k site is reduced with increasing Si0 2 concentration, which is different 
from the reports of Fe-substituted Ba ferrite. This suggests that the developing a-Fe 2 0 3 phase is 
related to 12 k sites. The isomer shifts show the charge states of Fe ions is ferric. When the additives 
concentrations increase, the Curie temperatures, T c go down. One sextet for a-Fe 2 0 3 phase still 
persists above T c , so it suggests that the high-7,. values do not result from a-Fe 2 0 3 . While A1 2 0 3 and 
Cr 2 0 3 additives increase coercive force H c , the other additives reduce it. 


I. INTRODUCTION 

The hexagonal ferrite of the M-type (Ba,Sr)Fe 12 0 19 , 
have attracted much attention as permanent magnets, perpen¬ 
dicular magnetic recording media, and microwave device 
materials. 1 " 3 They are widely used because of their high co- 
ercivity and low cost. Besides, they are very stable and have 
electrical resistivity. 4 In optimizing hard ferrites for perma¬ 
nent magnet applications, a compromise is usually struck 
between obtaining a high remanence value or a high coerciv- 
ity, which is dependent on microstructural features. 

The remanence Br is a strong function of density, chem¬ 
istry, and orientation, while the coercive force, H c is related 
to grain size. The problem is to achieve fine grain size and 
high density simultaneously. It has been reported that some 
additives such as Si0 2 ,Ti0 2 , Ba 2 0 3 , Cr 2 0 3 , and Ga 2 0 3 are 
active ingredients that definitely influence the 
microstructure. 5-7 

Additives play a role as an activator and inhibitor. The 
method of addition and amounts are also very important 
techniques. Kools 5 has found that Si0 2 in the correct propor¬ 
tion inhibited grain growth by forming a second phase at the 
grain boundaries. Okumura 8 has found Bi 2 0 3 improves the 
reaction rate an' f increases the density of barium, strontium, 
and lead ferrites. Seok 9 noticed that AI 2 0 3 reduces the size of 
unit cell of barium ferrite, raises the coercive force, lowers 
the saturation magnetization, remanence, Curie temperature, 
and rate of growth of the crystallites. On the other hand, 
Wolski 7 l;as investigated the influence of the admixtures 
(AI 2 0 3 , Gi 2 0 3 , B 2 0 3 ) upon the magnetic properties of the 
strontium-barium femte Sr 0 75 Ba 0 25 Fe 12 O| 9 . 

In this work, the effects of trivalent base oxides (A1 2 0 3 , 
Cr 2 0 3 ) and tetravalent base oxides (Ti0 2 , Si0 2 ) on magnetic 
properties of the Sr-Ba ferrite are discussed. There has not 
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FIG. 1. Mossbauer spectra of Sr-Ba ferrites with 1.0-wt % additives at room 
temperature. 


J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/9^6(10)/6877/3/$6.00 


© 1994 American Institute of Physics 6877 






-12 -0 -1 0 4 8 12 -12 -8 -4 0 4 8 12 


V E l. 0 C I T Y ( mm/s) V E L 0 C I T Y ( mm/s) 

FIG. 2. Mossbauer spectra of Sr-Ba ferrites with 1.0-wt % additives at 13 K. FIG. 3. Mossbauer spectra of Sr-Ba ferrites with admixed with A1 2 0 } and 

Si0 2 at room temperature. The dashed line indicates the a-Fc 2 0 3 . 

been an exploration of the effects of substituting part of Fe 3+ 

with the cations of additives by Mossbauer spectroscopy. hexagonal cell is almost unchanged, while the c axis seems 

to decrease slightly. a-Fe 2 0 3 phase appear above 2.0 wt % of 
Si0 2 additives. The effect of substituting part of the Fe 3+ 
II. EXPERIMENT with oxides was not noticed in powder diffraction patterns. 

Strontium-barium ferrite Sro^sBao^Fe^O^ was pre¬ 
pared by the citric sol-gel method. The starting materials 
were Sr(N0 2 ) 2 , Ba(NO) 2 , Fe(N0 3 )-9H 2 0 of 99% purity. Af¬ 
ter grinding and drying citrate gel, the ferrite powder was 
reacted by calcining it at 850 °C for 2 h. The green sheets of 
Sro^Bao^Fe^Oig to which additives oxides were intro¬ 
duced were made by Dr. Blade. Sintering was done at 500 °C 
for 1 h and for the second time at 1200 °C for 2 h. 

Mossbauer spectra were recorded using a conventional 
Mossbauer spectrometer of the electromechanical-type 10 
with a S7 Co source in a rhodium matrix. 


III. RESULTS AND DISCUSSION 

The x-ray diffraction patterns of the samples showed that 
the crystal structure was a typical magnetoplumbite of the 
Af-type hexagonal. The lattice constants of 
Sro vsBag^Fe^Ojg were found to be a =5.875 A, c=23.03 
A. Adding oxides has no appreciable effect on the dimen¬ 
sions of unit cell. In the case of Si0 2 , the a axis of the 
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T (K) 

FIG. 4. Temperature dependence of magnetic hyperfine fields of Sr-Ba fer¬ 
rite with 1.0-wt % Ti0 2 additives. 
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FIG. 5. Dependence of Curie tempcratur,. T c upon the concentration of 
additives Al 2 0, and Si0 2 . 


Mossbauer spectra of Sr-Ba ferrite with 1.0-wt % Si0 2 , 
Ti0 2 , A1 2 0 3 , and Cr 2 0 3 are shown in Figs. 1 and 2. Each 
sites contributes a magnetic hyperfine sextet, in proportion to 
site population times the recoil-free fraction, to the total 
Mossbauer spectrum. With the assignments shown in Figs. 1 
and 2, peaks of five sites may be identified visually. They are 
a typical Mossbauer spectra of the Sr-Ba ferrite." The iso¬ 
mer shifts at room temperature are in the range of 0.18-0.27 
mm/s relative to Fe metal, 12 which means that the ionic state 
of iron ions with respect to five sites is ferric. The effects of 
Fe 3+ substitution with trivalent and tetravalent cation of ad¬ 
ditive is not found in the Mossbauer spectra. 

The quadrupole splittings of sublattice as a function of 
temperature show no abrupt change near 80 K. Kreber 13 had 
proposed a model in which Fe 3+ occupies randomly one of 
the two equivalent sites of 4e instead of 2b at low tempera¬ 
ture. Figure 3 show Mossbauer spectra of Sr-Ba ferrites with 
changing weight percent of the additives A1 2 0 3 and Si0 2 . 

When the portion of additives is increased, the Moss¬ 
bauer spectra of the Sr-Ba ferrite with A1 2 0 3 admixture is 
almost unchanged, while that of Si0 2 is obviously changed. 
The line intensity of the 12 k site is reduced with the addition 
of Si0 2 , which indicates that Fe 3+ substitutes for Si 4 ^. As 
shown in Fig. 4, the variation of magnetic hyperfine fields of 
Sr-Ba ferrite with the use of 1.0-wt % Ti0 2 additives is simi¬ 
lar to that of the typical Sr ferrite. 

The variation of Curie temperatures with the weight per¬ 
cent of additives are shown in Fig. 5. When the weight per¬ 
cent of additives of samples increase, the Curie temperatures 
T c decreases, but remain high, and one sextet for a-Fe 2 0 3 
still persists about T c It suggests that this high value of the 
Curie temperature T c due to additive oxides may be ex¬ 
plained as the small substitution of Fe 3+ on 2b or 12 k sites 
by the trivalent or tetravalent cation, which effects changes 
in the distance or the angle between Fe-O-Fe involved in 
superexchange interaction, however changes of Mossbauer 
spectra due to these ions are not detectable below the Curie 
temperature. 
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FIG. 6 Saturation magnetization M„ of Sr-Ba ferrites with and without 
admixtures. 

It is noted in Fig. 6 that additives increase the saturation 
magnetization. Of all the additives A1 2 0 3 has the greatest 
effect on M s in the range of 1.0 wt %. However, an increase 
in additives reduces the saturation magnetization. The coer¬ 
cive force, H c is increased with the addition of the admixture 
A1 2 0 3 and Cr 2 0 3 , but is decreased with the other additives. 

In general, H c and M s partly depend upon density and 
grain size, and it has been shown that the coercive force, H c 
depends on the anisotropy field which is related to five Fe 3+ 
sites, but any efrects due to the replacement of trivalent by 
tetravalent cations in Mossbauer spectra was not observed. 

In conclusion, it may be said that when the concentration 
of additives is less than 5 wt % the magnetic properties such 
as H c , M s , and M r depend more or. microstructurc character¬ 
istics than on the additives. Additives can also play a role as 
inhibitor or activator when the cation concentration is less 
than 5 wt %. 
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The theoietical and experimental investigation of the microwave (MW) combination scattering on 
spin fluctuations (SF) in the yttrium iron garnet film under acoustic pump wee pursued. MW 
frequency /=3.5—4.1 GHz was well above spin wave spectrum at a preassigned magnetic field. At 
the external magnetic field range // 0 =5-40 Oe one (or more) intensity peaks of MW scattering 
were observed. The positions of these peaks do not depend on MW and surface acoustic wave 
(SAW) amplitudes and frequencies and depend heavily on the magnetic field directions in a film 
plane. Because these phenomena were closely associated with the domain walls (DW) reorientation 
or at the domain structure transformations, e.g., at the flexural instability of DW, one may speculate 
that critical scattering of MW on SAW and SF was observed. Cross section for such scattering was 
calculated. In nonsaturated magnetic films the phenomena of MW scattering on SAW and spin 
fluctuations at high amplitudes of the MW and SAW were investigated as well. In the area of 
external magnetic fields H 0 7 *250 Oe a stepped dependence of intensity of scattering MW was 
observed. There is no appropriate explanation of this effect now. 

Experimental investigations of nonelastic scattering of 
magnetostatic waves (MSW) by a surface acoustic wave 
(SAW) in yttrium iron garnet (YIG) films were shown to be 
rather useful methods for measuring MSW propagation 
parameters, 1-3 as well as for studying MSW nonlinear 
peculiarity. 4 The experimental procedure in this case consists 
mainly of measuring the output microwave (MW) signal 
level of frequency f+F (or/-F) as a function of the input 
microwave signal frequency / at fixed SAW frequency F and 
external magnetic field H a . Usually under nonelastic scatter¬ 
ing of MSW by a SAW the maximum level of the output 
signal takes place at a certain input MW signal frequency / 0 , 
when the phase synchronism conditions of nonelastic scatter¬ 
ing are satisfied. 

Recently, when investigating nonlinear MSW scattering 
by a SAW in YIG films we observed that the output signal of 
the f±F frequency may have, under a certain condition, 
rather essential level in relatively wide input signal fre¬ 
quency range which is far away from the phase synchronism 
frequency / 0 and even outside the MSW frequency spectrum. 

Furthermore, such a signal appears also in nonsaturated YIG 
films at low external magnetic fields and its behavior as a 
function of input microwave signal power shows a steplike 
dependence. 

We have no reliable explanation of these experimental 
results now, and we would like to present here some of these 
results and discuss one of the possible hypotheses which may 
probably serve as an approach for explaining these results. 

The experimental setup is similar to that ured by us for 
surface MSW (SMSW) nonelastic scattering by SAW inves¬ 
tigations. 

Figure 1 shows the experimental setup and the configu¬ 
ration of a gadolinium gallium garnet (GGG)-YIG film 
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samples used for studying of the SMSW scattering by SAW 
phenomenon as well in our latest experiments. For excitation 
and reception of SMSW use was made of ordinary transduc¬ 
ers, i.e., planar conductor antennas deposited on the surface 
of Y-Z LiNb0 3 plates and YIG film was placed on the top of 
these antennas, a very thin layer of vacuum oil being be¬ 
tween the surface of LiNbO-, plates and that of YIG film, 
providing rather good acoustic contact. SAW was excited by 
interdigital transducers (IDT). The insertion loss of such a 
SAW device was no higher than 20 dB at 15-40 MHz SAW 
frequencies in 50-fi-measurement circuit. The dimensions of 
the antennas were 5X0.025X0.002 ram 3 . 

We used 3-30 /a thick YIG film:. fabricated on (111) 
GGG substrates by the liquid phase epitaxy method. The 
structures under investigation were installed between the 
poles of an electromagnet as shown in Fig. 1. 

At a certain input MW signal frequency / 0 at which the 


SAW level control 



FIG. 1. Schematic of the experimental setup and the configuration of YIG 
film-GGG samples under investigation. 







FIG. 2. The output signal level A of frequency (f+F) as a function of the 
external magnetic field at three values of he input cw microwave powers. 
SAW—in pulse regime, pulse duration 10 jus, repetition rate 200 kHz. YIG 
film thickness 5 n, planar dimensions of the samples 4X10 mm 2 . 


phase synchronism conditions for the scattering are satisfied 
and at sufficient SAW power a substantial decreasing in the 
output MW signal level (transmitting SMSW level) is ob¬ 
served in the sample. This decreasing is proportional to the 
SAW power in a relatively wide range of SAW power varia¬ 
tion. In this case a reflected (scattered) SMSW also can be 
observed. The reflected SMSW frequency in the case of the 
SMSW and SAW propagating in the same direction is less 
and in the counter-propagation case is higher than the fre¬ 
quency of the incident SMSW by the SAW frequency, F. The 
signal corresponding to the reflected SMSW may be taken 
from the input antenna with the help of a circulator as is 
shown in Fig. 1 and measured by a selective receiver tuned 
to ( f 0 ±F ) frequency. It should be noted that such a tech¬ 
nique is rather sensitive, because no problems connected 
with interference between the output signal of frequency (/ 
±F ) and the input MW signal of frequency / arise. 

When investigating SMSW scattering by SAW the input 
MW power usually did not exceed -20 dBm and experimen- 


o 



FIG. 3. The output signal level of (f+F) frequency as a function of the 
angle between the external magnetic field vector and the direction of SAW 
propagation. /=4044 MHz, F =22 MHz, input microwave power 5 dBm, 
SAW power 20 dBm (pulse regime, 10-/zs pulse duration), H=37 Oe. 


A(f+F), dB 



FIG. 4. Output signal level as a function of the input signal level for a 5-/x 
YIG film sample. H =230 Oe, SAW pulse power 50 mW. -30 dB in hori¬ 
zontal axis corresponds to 0 dBm. 


tal results were in good agreement with the theory. 1,3,5 At 
higher MW powers we observed the output signal of ( f±F ) 
frequency at low external magnetic fields when the input 
signal frequencies / did not correspond to the scattering 
phase synchronism conditions and even were outside the 
MSW spectra for a given value of the external magnetic 
field. The measured output signal level of (f+F) frequency 
as a function of external magnetic field H at three different 
values of the input signal powers is presented in Fig. 2 for 
5-jz-thick YIG film (magnetic field was parallel to the anten¬ 
nas). One can see two relatively narrow peaks at low mag¬ 
netic fields (one at 5 -15 Oe and the second at 25-40 Oe). It 
should be noted that the power level of these peaks is di¬ 
rectly proportional to the input MW signal power, though the 
output signal level at higher magnetic fields is essentially 
nonlinear function of the input power. The experimental re¬ 
sults presented in Fig. 2 were obtained at 4044 MHz. Our 
investigations have shown that qualitatively similar depen¬ 
dences, including these two peaks, take place also at other 
frequencies in the range from 3500 MHz up to 4100 MHz. 

In relatively thick YIG films (thicker than 20 fi) a series 
of two or more peaks at the 5-15 Oe position was observed, 
while only one peak was at 25-40 Oe as in the thin film 
case. 

Figure 3 represents the angular dependence of the output 
signal level measured for 5-fi YIG sample at 37-Oe magnetic 
field (the second peak in Fig. 2) at 0-dBm input power when 
the sample was turned around its vertical axes between the 
magnet poles. Zero degrees corresponds to a sample position 
when the direction of magnetic field is parallel to the anten¬ 
nas (see Fig. 1). The thick line in Fig. 3 represents the mea¬ 
surement result when a sample was rotated clockwise from 
0° to 360°; the thin line represents the result when the sample 
was rotated in the opposite direction from 360° to 0°. Curves 
of the angular dependences of the output signal level mea¬ 
sured at higher magnetic fields differed from these in Fig. 3 
and were stretched along the 90° and 180° directions, when 
antennas were perpendicular to the magnetic field vector. 

Measured output signal level as a function of the input 
microwave power for a 5-/r YIG film sample at 230-Oe mag¬ 
netic field value is presented in Fig. 4. This measurement 
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was produced at magnetic field directed parallel to the anten¬ 
nas. SAW power was 50 mW. A steplike dependence and a 
hysteresis are clear seen in this picture. 

It should be noted that a stripe domain structure (DS) 
with 120° blocks was observed in all our YIG film samples 
under investigation without external magnetic field. This DS 
was reconstructing under the action of external magnetic 
field. 

We are coming now to the theoretical investigation of 
the MW combination scattering by spin fluctuations (SF) un¬ 
der acoustic pump in nonsaturated magnetic films at the first- 
and second-order phase transitions (PT) accompanied by the 
stripe DS transformations. The equilibrium orientation of do¬ 
main walls (DW) depends on a DW type, the magnetic an¬ 
isotropy and a direction of a magnetization field H 0 in a film 
plane. At the specific values H 0 the first- and second-order 
PT of DW reorientation type takes place in a film. On the 
other hand, as a magnetization field changes a DS with fixed 
period d can become unstable with respect to a sinusoidal (or 
zigzag) disturbance of a DW profile. 6 A long-order parameter 
of such PT is a displacement field amplitude u(r,t) of DW 
points about their positions in a regular DS. Soft modes cor¬ 
responding to the order parameter are DW flexural vibra¬ 
tions. 

The intensity of the MW scattering U can be represented 
in the following form 

tf=(w 4 /327rV)(e /3 ) 2 V ReiJ dk'((A€ a/3 (k'-k,co 

-w')Ae a/3 (k'-k,w-w'))), (1) 

where V is a scattering volume, to ((o') and k (k') are a 
frequency and a wave vector of falling (scattering) MW, re¬ 
spectively; wave vector k (k') is determined in a film plane 
(*,y); e is an intensity of the electric field of falling MW; 
Ae a ^r,t) is a difference between the local and equilibrium 
value of dielectric permeability of ferromagnet; c is a MW 
speed; ((...)) denotes the average over the statistical ensemble 
and over film thickness. 

We will be further interested in the microwave scattering 
on the order parameter fluctuations. Therefore, it will be con¬ 
sidered the corrections to the tensor of the dielectric perme¬ 
ability in the form 

Afa/r~F afiy8v<7ikU,,d M a ! dx-fix ^, (2) 

where f is a magneto-optoelastic tensor, U yS is the elastic 
deformation tensor induced by SAW; U a p=U° a p 
Xexp i(k A r ± - <o A t); k^ and w A are a frequency and a wave 
vector of SAW, respectively; a tensor U corresponds to the 
Love waves. 

Substituting Eq. (2) into Eq. (1) we find the intensity of 
the scattering microwave on the frequency interval dco' and 
on the solid angle interval dO in the form 

dU=(Vn6TT) 

y(4 /2 /c 2 (f 2 )w 4 (r a ^ 5w ,*e i G*f/ r5 M^/ ff e )3 ) 2 * 

X«!«(Q,w)| 2 »dco' do, (3) 


where a correlator of order parameter fluctuations is 

«l«(Q,a>)| 2 ))«2yrn[(n 2 -a> 2 ) 2 +4y 2 fi 2 ]- 1 , (4) 

a frequency of the DW flexural vibrations is 
fc>j(Q)=(S 2 2 2 +S 2 !2 2 ) 1/2 , Sis a velocity of the DW flexural 
vibrations, y is the DW flexural vibrations damping, 
Cl=co'-a)-(o A , Q=k-k'-k A . The following relations for 
frequencies and wave vectors: to^o)'>(o A > Cl, 
k^k' <k A *=Q take place. 

Generally, the magnitude of dU is negligibly small. Situ¬ 
ation reverses in the vicinity of the second-order PT point H c 
when DS loses stability with respect to the DW reorientation 
or with respect to the sinusoidal disturbance of a DW profile. 
Then the projection of the velocity of the DW flexural vibra¬ 
tions on the DW direction (for definiteness sake we denote 
this projection S x ) tends to zero (S x «|// 0 -// c | 1/2 ). in that 
case, when the conditions fl=Wj(Q), Q=k'-k-k /1 are ful¬ 
filled, the MW scattering intensity increases abruptly and the 
scattering effect can be accessible to observation. MW scat¬ 
tering intensity depends heavily on the direction of MW and 
SAW propagation in a film plane. It has a maximum 
rft;a( rWj )->cc|// 0 -// c |- 1/2 fork||k A ||x. 

At the first-order PT point a discontinuous jump of the 
DW direction or DW profile disturbance of finite amplitude 
takes place. In that case a correlator ((|u(Q,co)| 2 )) has 8- 
shaped peculiarity. In real crystals even a weak dispersion of 
magnetic parameters of a film leads to blurring of such a 
peculiarity and decreasing of MW scattering intensity peak. 
So the intensity peak has a finite width and can be accessible 
to observation. 

Thus we suppose a hypothesis for explaining the forma¬ 
tion of intensity peaks of the MW scattering in the weak 
magnetic fields. In line with it we observed the MW combi¬ 
nation scattering by SF under acoustic pump in nonsaturated 
magnetic films at the first- and second-order PT accompanied 
by DS transformations. This hypothesis gives the reasonable 
qualitative explanation of the following experimental results: 
(1) the linear dependence of the MW scattering intensity on 
MW and SAW power; (2) a weak dependence of the posi¬ 
tions of peaks of the MW scattering intensity on MW and 
SAW frequencies; (3) abrupt increase of the MW scattering 
power dU<x\H 0 -H c \- m in the vicinity the PT field 
// 0 =// c ; (4) the strong dependence of the MW scattering 
power on the direction of a magnetization field in a film 
plane. 

There is no appropriate explanation of effects of high 
MW scattering far away from the phase synchronism fre 
quency range. For the calculation of these effects it is neces¬ 
sary to take into account the high order processes involving 
MW, SAW, and SF. Jumps of MW scattering intensity can be 
associated with the DS transformation in the high MW fields. 
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Light scattering from spin waves in MnF 2 

M. G. Cottam 

Physics Department, University of Western Ontario, London, Ontario, Canada N6A 3K7 

V. P. Gnezdilov, a) H. J. Labbe, and D. J. Lockwood 

National Research Council, Ottawa, Ontario, Canada K1A 0R6 

Measurements of the weak one-magnon light scattering in the antiferromagnet MnF 2 , including 
Stokes and anti-Stokes scattering, as a function of temperature are reported. From the theoretical 
analysis of the temperature and polarization dependences of the integrated Raman intensities, values 
are deduced for the ratio of quadratic and linear magneto-optical coupling coefficients. 


The observation of one-magnon light scattering in the 
tetragonal, insulating antiferromagnet MnF 2 (7’ Ar -68 K, 
5=5/2) was reported earlier. 1 However, experimental diffi¬ 
culties due to the low frequency of the spin waves and their 
weak light scattering intensity precluded an accurate study of 
their temperature dependence. The advent of a high- 
resolution spectrometer with high stray-light rejection has 
now enabled a detailed study of the Stokes and, for the first 
time, the anti-Stokes scattering as a function of temperature. 
The magnon frequency in zero-applied magnetic field renor¬ 
malized from 8.7 cm -1 at low temperature [consistent with 
antiferromagnetic resonance results (Ref. 2)] to 4.8 cm -1 at 
57 K, while the linewidth increased slightly from about 0.6 
to 0.8 cm -1 over the same temperature range. The magnon 
Raman integrated intensity exhibited a pronounced polau.’H- 
tion dependence in both Stokes and anti-Stokes scattering. 
The measured temperature and polarization dependences of 
the Stokes and anti-Stokes intensities has enabled a theoreti¬ 
cal study to be carried out for the magi'cto-optical coupling 
in MnF 2 . 

The MnF 2 crystal used in this study has been described 
elsewhere. 1 The sample was mounted in a Janis DT cryostat 
for the low-temperature measurements and the sample tem¬ 
perature was controlled and measured to within ±0.1 K. The 
magnon Raman spectrum was excited with 800 mW of argon 
laser light at 476.5 nm, which resulted in little laser heating 
of the sample 1 (the temperatures quoted have been corrected 
for a 1.0-K laser heating). The light scattered at 90° was 
analyzed with a SOPRA DMDP2000 double monochro¬ 
mator, which has the high-resolution capability (better than 
0.03 cm -1 ) and high stray-light rejection needed for this 
experiment, 3 and detected with a cooled Hammamatsu 
R928P photomultiplier. In the analysis of the scattered light 
polarization, the X,Y,Z labels refer to the a,b,c crystallo¬ 
graphic axes, respectively. A typical anti-Stokes-Stokes Ra¬ 
man spectrum is shown in Fig. 1. 

The relevant theories for the temperature dependence of 
the magnon frequencies and the one-magnon Raman intensi¬ 
ties are already well established for antiferromagnets with 
the rutile crystal structure of MnF 2 (see, e.g., Refs. 1, 4, and 
5). Here, we test the theories by comparing with the experi¬ 
mental data and, from the analysis, we deduce results for the 
nature of the magneto-optical coupling in MnF 2 . 


a) Permanent address: Institute for Low Temperature Physics and Engineer¬ 
ing, Ukrainian Academy of Sciences, 310164 Kharkov, Ukraine. 


The Raman peak positions for the temperature depen¬ 
dence of the magnon frequency are shown in Fig. 2, combin¬ 
ing results from Stokes and anti-Stokes scattering in several 
polarizations. The peak frequencies were measured to within 
±0.05 cm -1 for the stronger lines. Comparisons are made 
with two types of theory, as described before. 1 The broken 
and solid lines refer, respectively, to predictions of a linear 
spin-wave theory and a perturbation theory. The latter in¬ 
cludes effects of magnon-magnon interactions and is valid 
over a limited range of temperature (up to ~0.6T N in this 
case). We assumed 7=2.49 cm -1 for the dominant exchange 
interaction (neglecting the small effect of the other exchange 
interactions for the zone-center magnons excited by Raman 
scattering) and gfi B H A =0J5 cm -1 for the uniaxial anisot¬ 
ropy at low temperatures, consistent with neutron scattering 
data. 6 The temperature dependence of the anisotropy is con¬ 
ventionally introduced by writing H A ^-(S z ) n , where (S z ) is 
the sublattice spin average and n is a positive index 1 with a 
value depending on the physical origin of the anisotropy. If 
the neighboring spins are considered as being either com¬ 
pletely uncorrelated (implying (S,Sj)-(S,)(Sj) for sites ii=j 
as in mean-field theory) or strongly correlated, then this 
would lead to n = 1 and n =2, respectively, as limiting values. 
In Figure 2 we show the theory curves for n = 1 and n = 2. On 



FIG. 1. One-magnon (M) Raman spectrum of MnF 2 at 41 K in X(ZX)Y 
polarization with a spectral resolution of 0.53 cm' 1 . 
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FIG. 2. Comparison of experiment and theory for the temperature depen¬ 
dence of the magnon frequency. The data points refer to O, Stokes scattering 
in (XX) polarization; □, Stokes scattering in (YZ) polarization; A, anti- 
Stokes scattering in (XX) polarization; V, anti-Stokes scattering in (XY) 
polarization. The broken and solid lines refer to linear and interacting spin- 
wave theories, respectively (see text). 

comparing with the experimental data, which are more de¬ 
tailed and extend to higher temperatures than in Ref. 1, we 
see that taking n = 1 provides a clearly better fit in the case of 
the linear theory and a marginally better fit also in the case 
where spin-wave interactions are included. 

We next discuss the results for the light-scattering inten¬ 
sities. Data have been obtained for both Stokes and anti- 
Stokes scattering in X(ZX)Y and Z(YZ)Y polarizations, for 
Stokes scattering in Z(XZ)Y polarization, and for anti- 
Stokes scattering in Y(ZY)Z polarization. Some results for 
the temperature dependences of the Stokes and anti-Stokes 
integrated intensities, I s and / AS , are shown in Figs. 3 and 4, 
respectively, and will be discussed later. The units are arbi¬ 
trary, but are consistent between the two figures. According 
to theory, I s for Stokes scattering takes the general form 1,4 

Is=A(S z )(n M +l)(F in +F 0 J/u) M , (1) 

where the overall factor A is independent of the temperature 
T and the scattering geometry, <% is the magnon frequency, 
and n M =[exp{hct M /k B T)-l]~ l is the corresponding Bose 
factor. The quantities F in and F out refer to the in-phase and 
out-of-phase contributions, respectively, to the scattering 
from the two sublattices of the antiferromagnet. Their ex¬ 
plicit expressions are given in Ref. 1 and include the effects 
of a magneto-optic coupling that is quadratic in the spin 
operators as well as the usual linear magneto-optical 
coupling. 1,4 The quadratic magneto-optical coupling is 
known to be important in another rutile-structure 
antiferromagnet 4,5 FeF 2 , and it is of interest to determine its 
effect in MnF 2 . The possibility of an out-of-phase term in I s 
arises because the two sublattices in FeF 2 are not equivalent 
(due to the coordination of the F“ ions). Hence, the theoreti¬ 
cal model involves four magneto-optical coefficients that are 
independent of temperature and light scattering geometry. 
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FIG. 3. Experiment and theory for the temperature dependence of the inte¬ 
grated intensity for Stokes scattering in several polarizations. The experi¬ 
mental points refer to O, (XX) polarization; □, (YZ) polarization; A, (ZX) 
polarization. The theory curves are for G 4 /K + =0 (broken line) and 
G + /A" + =0.08 (solid lines). 

Following Ref. 1, these are denoted by K + and G’ + ' c the 
line;.*' and quadratic magneto-optical coupling for in-phase 
scattering, while FA and G_ are the corresponding coeffi¬ 
cients for out-of-phase scattering. 

The expression for the anti-Stokes intensity / AS is simi¬ 
lar to Eq. (1) provided the factor (n M +l) is replaced by n M . 
Also F in and F oul are replaced by F in and F out , respectively, 
obtained by making the substitutions 4 K + ~>-K+ and 
in the definitions of F in and F out . In general. 
F in ^F,n and F out *F out (except in the limits of linear 
magneto-optical coupling only or quadratic magneto-optical 
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FIG. 4. Experiment and theory for the temperature dependence of the inte¬ 
grated intensity for anti-Stokes scattering. The experimental points (A) refer 
to (ZX) polarization. The theory curves are for G^IK +-0 (broken line) and 
G+//C + =0.08 (solid line). 
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coupling only), and consequently the intensity ratio 7 AS /7 S 
differs from the usual thermal factor n M /(n M +l) when both 
types of magneto-optical couplings apply. Also the individual 
temperature dependences of I s and / AS are modified and de¬ 
pend on the polarization, e.g., as confirmed experimentally 
for FeF 2 (see Ref. 5). 

In making preliminary comparisons of theory with ex¬ 
periment for the Raman integrated intensities in MnF 2 , we 
have assumed for simplicity that in-phase scattering is domi¬ 
nant. This would be expected because the deviation from 
tetragonal symmetry at a Mn 2+ site is relatively small. For 
the Stokes data in Fig. 3, the theory predicts that 
I S (XZ)=I S (YZ) at any given temperature, whatever the val¬ 
ues are for K + and G + , whereas Is(ZX) will be different 
(unless G + /AT + =0). It is seen that the intensity data points 
(allowing for an experimental uncertainty of 10% to 20% 
typically) broadly confirm this prediction and allow us to 
make a rough estimate for the ratio G + /K + . First, we note 
that in the absence of any quadratic coupling (G + /K + = 0), 
the intensities for all three polarizations would be described 
by the broken curve in Fig. 3, which provides an inadequate 
fit to the data. A much better fit is provided if G+/K+ is 
small and positive, as illustrated by the solid lines for 
G + /K + = 0.08 in Fig. 3, where the upper line refers to (XZ) 
and (YZ) polarizations and the lower line to (ZX) polariza¬ 
tion. 

Similarly, for the anti-Stokes data, the role of quadratic 
coupling is to enhance the intensities in certain polarizations 
(making it easier to study experimentally) and to modify the 


temperature dependence. In Fig. 4 it can be seen that the 
variation of 7 AS (ZA r ) is much better described by the solid 
theory curve for G+/K+ =0.08 than by the broken curve for 
G + /K+=0. Further evidence that G + /K + #0 is provided by 
the intensity ratio I AS /I S in (ZX) polarization, where we have 
measurements at three different temperatures. Overall, from 
the T dependences of I s and / AS and from the behavior of 
7 A s/7s > we deduce that G + /K + lies approximately in the 
range 0.05 to 0J. 

In conclusion, we have presented new experimental data 
for the Stokes and anti-Stokes light scattering in MnF 2 . From 
a preliminary analysis for the dependence of the integrated 
intensities on temperature and polarization, we obtain good 
agreement between theory and experiment. The results indi¬ 
cate that, while the linear magneto-optical coupling coeffi¬ 
cient K+ for in-phase scattering is dominant, there is an im¬ 
portant contribution due to the quadratic in-phase coefficient 
G + . A more detailed comparison between theory and experi¬ 
ment will be undertaken to determine if out-of-phase scatter¬ 
ing is significant. 
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Controlling high frequency chaos in circular YIG films 
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High power ferromagnetic resonance experiments involving thin circular YIG films produce chaotic 
oscillations with broad band frequency spectra in the 0.5-25 MHz range. To eliminate chaotic 
oscillations, a delayed feedback of the ac component of the ferromagnetic resonance signal was used 
to modulate one of the system parameters, the applied static magnetic field. The chaotic oscillations 
were converted to oscillations of reduced periodicity, and ultimately the quiescent state, as the gain 
in the feedback loop was increased. Similar results have been obtained in numerical simulations. 


I. INTRODUCTION 

The ability to control chaos has generated much experi¬ 
mental and theoretical interest. 1-6 Chaos in nonlinear dy¬ 
namic systems can be controlled by applying small perturba¬ 
tions to an accessible system parameter to stabilize an 
unstable periodic orbit of the system’s chaotic attractor. Us¬ 
ing the method proposed by Ott, Grebogi, and Yorke 
(OGY), 1 the discrete perturbations to the chaotic system are 
calculated from the dynamic properties of the chaotic system 
near the unstable fixed point on the Poincare map corre¬ 
sponding to the periodic orbit onto which the system is going 
to be stabilized. This method of controlling chaos has been 
used successfully in a number of different experimental 
systems. 2-4 

In high power ferromagnetic resonance (FMR) experi¬ 
ments involving thin films, interactions between magneto¬ 
static modes give rise to the observed nonlinear effects. 7,8 
Above some threshold of the rf pumping power, instability 
oscillations in the absorption signal are observed. With in¬ 
creasing pumping power, the oscillations bifurcate from pe¬ 
riodic to chaotic oscillations through period doubling. 9,10 The 
fundamental frequencies of chaotic oscillations in the ab¬ 
sorption signals arc typically in the range of 0.5-4.0 MHz. 
The high frequency dynamics in the FMR experiments make 
it difficult to control the chaos using discrete perturbations 
such as the OGY method. Consequently, for controlling 
chaos at high frequencies, a time delayed feedback method 
has been developed, in which the chaotic signal detected 
from the sample was time delayed and amplified before it 
was used to perturb a system parametei, the bias magnetic 
field of the sample. An advantage of this analog continuous 
feedback method is that no detailed -oulation is necessary, 
allowing unstable orbits with submicrosecond periods to be 
controlled. In addition to stabilizing unstable periodic orbits 
of the attractor, the total suppression of auto-oscillations, the 
quiescent state, can be obtained by using this method as well. 
Suppression of chaos, resulting in periodic oscillations in 
experimental FMR using external sinusoidal modulation of 
the applied field has been previously reported. 11,12 

II. EXPERIMENT 

The experiments were performed on circular disks of 
yttrium iron garnet (YIG) film roughly 2 mm in diameter and 
about 1 /urn thick. A static magnetic field of about 2000 Oe 
was applied perpendicular to the film plane. The sample was 
excited into resonance by an rf pumping field of around 1.2 


GHz which was produced by a slotline structure and oriented 
perpendicular to the static field. 13 Radio frequency absorp¬ 
tion of the sample was detected by a diode. Under high rf 
pumping power, the absorption signals of the sample were 
observed to show periodic or chaotic oscillations with typical 
frequencies of a few MHz. The emergence of the oscillations 
is a function of the frequency and power of the rf pumping 
field, and the magnitude of the static bias field.'’ 8 

In the experiments, the static field and rf power were 
chosen to produce a chaotic absorption signal from the 
sample. The ac component of the oscillating signal at the 
diode was fed into a delay line and then to a voltage to 
current converter amplifier. The current from the amplifier 
was used to drive a 20 turn coil 5 mm in diameter, approxi¬ 
mately 1 mm above the YIG sample. The coil plane was 
adjusted to be parallel to the sample plane. The magnetic 
field produced by the coil perturbed the static magnetic field. 
The delay time and the gain of the feedback loop could be 
adjusted to achieve the control of chaos. Only the ac compo¬ 
nent in the output current from the amplifier was used for the 
perturbations. This was done to prevent a dc component that 
could bias the system out of the chaotic state by the applica¬ 
tion of a constant term to the bias field. This also allowed the 
perturbation to the system to approach zero as the oscillation 
amplitude in the rf absorption signal was reduced due to the 
effect of the perturbations. 

Figure 1 shows an experimental result of controlling 
chaos. In this case the chaotic absorption signal of the 
sample was time delayed by 470 ns. As the feedback gain 
was increased, the absorption signal from the sample was 
converted to a period-4 oscillation by the perturbation fields 
of the coil. Further increase of the feedback gain resulted in 
a period-2, period-1, and finally the quiescent state, where 
only dc absorption was present in the FMR signal even 
though the pumping field was sufficient to maintain a chaotic 
state without the control. Delay coordinate plots of the data 
presented in Fig. 1 were used to construct attractors for the 
controlled and uncontrolled signals. From visual inspection 
of these attractors in delay coordinate space, it is apparent 
that the stabilized period-4 and period-2 orbits are unstable 
orbits of the unperturbed chaotic attractor. In the quiescent 
state, the amplitudes of the frequency components in the 
Fourier spectrum were found to be 20-30 dB less than those 
of the chaotic spectrum. A chaotic signal reemerged from the 
quiescent state when the gain was increased even further. 
Other samples show similar behavior. 
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FIG. 1. Experimental results for controlling chaos in FMR using the time 
delayed feedback method, (a) Chaotic oscillation of FMR signal without 
perturbation, (b) Controlled period-4 oscillation (gain=0.45 arbitrary units), 
(c) Controlled pcriod-2 oscillation (gam=0.80 a.u.). (d) Controlled period-1 
oscillation (gain=5.50 a.u.). (c) The quiescent state (gain=6.50 a.u.), in 
which all oscillations were extinguished. 

The amplitudes of the perturbation field required to 
maintain the periodic oscillations were in the range of 0.01- 
0.1 Oe. In preserving the quiescent state, the coil produced 
fields of less than 0.01 Oe. Thus, the ratio of perturbation 
field to the static magnetic field was about 10 -4 for control¬ 
ling periodic oscillations. The ratio was less than 10~ 5 for 
maintaining the quiescent state. Removal of the perturbation 
field caused the system to revert back to the chaotic state. It 
was possible to stabilize periodic orbits for several values of 
the feedback gain, but quiescence was only achievable with a 
delay time of around 470 ns. 

Figure 2 shows another example of controlling chaos 
using time delayed feedback. However, in this example, the 
derivative of the sample absorption signal was time delayed 
before it was used to perturb the static field. Although the 
quiescent state has not yet been achieved, this example also 
shows a debifurcation route with increasing feedback gain, 
as seen in Fig. 1. With increasing rf power, the sample dis¬ 
played a period doubling route to chaos. Applying time de¬ 
layed feedback led to the stabilization of period-2 and 
period-1 orbits as the feedbac’ gain was increased. In this 
example, the perturbation fields ranged from 0.1 to 0.5 Oe 
and the delay time used was 390 ns. In addition, the system 
attractors of both the controlled and uncontrolled signals in a 
delayed coordinate plot indicate that the controlled orbits 
were unstable orbits of the unperturbed chaotic attractor. 
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FIG. 2. Experimental results for controlling chaos in FMR using time de¬ 
layed derivative feedback method, (a) Chaotic oscillation of FMR signal 
without perturbation, (b) Controlled period-2 oscillation (gain=2.4 a.u.). (c) 
Controlled period-1 oscillation (gain=4.2 a.u.). 

III. SIMULATION 

In the numerical simulations for controlling chaos in 
FMR using the time-delayed feedback method, the theoreti¬ 
cal model developed by McMichael and Wigen was used. 8 
The normal modes in thin circular YIG films are the magne¬ 
tostatic modes, which have the form of Bessel functions. By 
integrating the equations of motion for the complex ampli¬ 
tude of these modes, the dynamic behavior of the system 
could be simulated. The FMR signal in the model, S(t ) was 
proportional to the sum of the imaginary parts of the mode 
amplitudes. This corresponded to the absorption signals mea¬ 
sured in experiments. To simulate the time delay feedback, 
the static magnetic field H 0 in the equations of motion was 
modulated by the ac component of the FMR signal 

H lo Ut)=H 0 +K[S(t- 8)-S(i^S)]. 

Here S is the delay time and K is proportional to the gain of 
the feedback loo p in the experiment. The dc component of 
the FMR signal S(t-S) is subtracted so that only the ac 
component in S(t) is used for perturbation. The debifurca¬ 
tion route caused by increasing the feedback gain observed 
in the experiments is predicted in the simulations for both 
direct and derivative time delayed feedback. Also, the values 
and sensitivity of the delay times used in the model are simi¬ 
lar to those observed in the experiment. 

IV. CONCLUSION 

In conclusion, through use of time delayed feedback, 
very high frequency chaotic absorption signals of FMR have 
been controlled by perturbing the static magnetic field con¬ 
tinuously. In using this time delayed feedback method for 
controlling chaos, no detailed analysis of the system’s attrac¬ 
tor needs to be made. It is suitable for controlling the chaos 
in complicated systems which show high frequency oscilla¬ 
tions. All that is required is the alteration of some system 
parameter by a time delayed signal of the system’s output. 
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Another advantage of this method is that the chaotic state 
can be converted to the periodic state as well as the quiescent 
state. Finally, a mixture of the derivative signal and the origi¬ 
nal signal of the system’s output can be used in this time 
delayed feedback method to control the chaos. Experiments 
using these techniques have shown promise and the work is 
ongoing. 
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Study of spin wave resonance in a superconductor with paramagnetic 
impurities 
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The spin dynamics of paramagnetic impurities in a superconductor in the presence of external 
magnetic field has been studied both theoretically and experimentally. Long-wave excitations 
(q^/T 1 , where £ is the coherence length) are shown to have coherent spin-wave nature even in a 
paramagnetic phase. This effect is caused by the long-range indirect exchange interaction 
between localized spins in a superconductor. The spin-wave effects in EPR of Er 3+ ions in the 
superconducting (SC) La^Er* thin films have been observed. An additional absorption at the high 
field side of the main resonance line which leads to its distortion has been found. Satisfactory 
description of all features of observed spectra was obtained by simulating the spectra with account 
for the microwave absorption by spin-wave excitations. The spin stiffness coefficient and the 
temperature dependence of the spin susceptibility of the SC lanthanum has been determined. 


I. INTRODUCTION 


II. THEORY 


Previous study of EPR of Er 3+ ions in the 
superconductor 1 revealed anomalous behavior of the EPR 
linewidth A H which contrasted strongly with the expected 
change in A H. Instead of increasing due to the coherence 
effects the EPR linewidth narrowed sharply at the transition 
to the SC state. This effect was attributed to a new long- 
range exchange coupling of local moments in the SC phase 
due to correlations in Cooper condensate. This idea on addi¬ 
tional indirect interaction was previously proposed by Ander¬ 
son and Suhl 2 when they discussed the magnetic ordering in 
the SC phase. 

The exchange-coupling integral in a superconductor 3 can 
be represented approximately as a sum of two parts 
J n (R)+J s (R), the first one, acting at short distances, 

J n (R)^(J a v 0 /4TrR 3 )cos(2k F R), (1) 

being the conventional RKKY interaction, and the second one 

Js(A)~ (JoVo /4 7 rf~R ) S X { T) exp(-/?/£), (2) 

being the SC correction. In Eqs. (1) and (2) v 0 is the volume 
per lattice site, and k F is the Fermi momentum. The quantity 

8x(T) = {Xp-Xs)/X P ^ 1 (3) 

characterizes the decrease in the spin susceptibility \ s of 
conduction electrons in the singlet BCS state as compared 
with the Pauli susceptibility \ p . The constant 
Jo = JsfP( € F) v o/2 >s determined by the s-f coupling con¬ 
stant J s f and the electron density of states p{e F ). 

The additional interaction (2) is of an antiferromagnetic 
character. Its contribution to the total molecular field is of the 
same order of magnitude as the normal RKKY contribution 
(1). Furthermore, even when the concentration x of magnetic 
impurities is low, the number of spins N^xif/v 0 in the in¬ 
teraction region is anomalously high, since £ is much larger 
than the lattice constant a. This introduces a new feature into 
spin dynamics: the long-wave excitations in an external mag¬ 
netic field exhibit spin-wave behavior. 

This report is devoted to the investigations of the spin- 
wave excitations of paramagnetic impurities in a supercon¬ 
ductor in an external field. 


We calculated the dynamic susceptibility * of local 
moments using the method of nonequilibrium statistical 
operator. 4 We obtained the following spin excitation spec¬ 
trum at 

*>,=*,-*•( 7?+rf). (4) 

Here the spin excitation energy e q and its damping due 
to the exchange fluctuations ( y ex ) and dipole-dipole coupling 
Ojf ) can be written as 


e q~gPH<)~ 

■D"q 2 , D"~x(S x )8rJ 0 f 2 , 

(5) 

y cx =D'q 2 , 

D'**x u3 (S x S x ) V2 J 0 a 2 /4, 

(6) 


(7) 


(S x ) in Eq. (5) is the local moment polarization induced by 
magnetic field H 0 , g being g value. Note that the 
q -dependent part of Eq. (5) is mainly contributed by the SC 
correction (2). It is precisely the long-range potential (2) 
which produces the transverse stiffness and real dispersion of 
spin excitations. Comparing the the energy (5) and the damp¬ 
ing (6) we find that the condition for the existence of coher¬ 
ent spin motion 


(L\ S J1 £*>, 

D'\rJ k B T > 


( 8 ) 


is easily satisfied in superconductors with the large coher¬ 
ence length £ (compared with the average distance between 
impurities r av ) in magnetic fields of the order of several ki- 
logauss and at liquid-helium temperatures. For q>£~ x spin 
excitations are incoherent. The negative sign in the disper¬ 
sion relation (5) reflects the antiferromagnetic nature of the 
potential (2); as the temperature decreases, the spectrum e q 
softens and magnetic order appears at nonzero wave vectors 
as predicted by Anderson and Suhl. 2 For small q the 
damping is determined by the dipole contribution y dd . A 
“window” for spin-wave excitations exists if 

x(S x )(S x )J 0 >y q d . (9) 
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This condition can also be satisfied, since exchange coupling 
in metals is usually stronger than the dipole-dipole interac¬ 
tion. Thus when the conditions (8) and (9) are satisfied, the 
long-wave spin dynamics has a magnon character. Of course, 
the contribution of these excitations to the thermodynamic 
parameters is negligible; the main fraction of the spectral 
density of spin fluctuations is incoherent and is determined 
by the short-range RKKY potential. Spin waves can only 
appear in the long-wave magnetic response of a supercon¬ 
ductor. 

We present below the experimental evidence for spin- 
wave effects in a superconductor with magnetic impurities, 
obtained in EPR studies performed in La^Er^. thin films. 

III. EXPERIMENT 

Films of La X - x Er x with *=0.008-0.02 and thickness 
L =2500-5000 A were prepared by separate thermal evapo¬ 
ration of the components from tantalum crucibles. The pre¬ 
pared film was coated immediately by a protective silicon 
monooxide layer of 3000 A thickness. 

X-ray structural analysis showed that all prepared films 
have mainly an face-centered-cubic structure. Measurements 
of the electrical resistivity, of the SC critical parameters, and 
of the magnetization in the SC state have been performed in 
addition to the EPR measurements. These data will be used 
in the discussion of our EPR results. 

EPR experiments were carried out at 9.4 GHz in a rect¬ 
angular TE 102 cavity in the temperature range from 1.5 to 20 
K. The out-of-plane angular dependencies of the spectra 
were observed with the microwave field lying in the film 
plane. 

In the normal state we observed EPR line of Er ions 
which was just similar to that previously observed in bulk 
samples. 1 A change in the angle between the plane of the 
sample and the direction of the dc magnetic field had no 
effect on the position and shape of the EPK line [Fig. 1(a)]. 
Upon transition to the SC state in perpendicular orientation 
of the film to the direction of dc magnetic field the line shape 
did not change [Fig. 1(d)], In a longitudinal magnetic field, 
however, the shape of the signal became drastically distorted 
as the temperature was lowered [see Figs. 1(b) and 1(c)]. The 
degree of distortion of the high field wing of absorption sig¬ 
nal was dependent on thickness of film and erbium concen¬ 
tration in the sample (Fig. 2). These effects are illustrated by 
the EPR spectra shown in Figs. 1 and 2. 

IV. ANALYSIS OF RESULTS 

It is unlikely that the unusual behavior of the EPR spec¬ 
trum in the studied films could be attributed to a magnetic 
field distribution in a vortex lattice which differs from that 
found in a bulk sample. The amplitude of the magnetic field 
variation and the value of the London penetration depth X, 
which we estimated from our measurements of the critical 
field and the SC moment of the films, turned out to be on the 
order of 50 Oe and 600 A, respectively. These values are 
essentially the same as those obtained for the bulk samples. 1 

We believe that the shape of the signal is distorted be¬ 
cause of the additional absorption of the microwave energy 



FIG. 1. EPR spectra for the sample with 1=4800 A, *=0.014 and critical 
temperature T c = 5.0 K at different temperatures: in a normal state with 
magnetic field oriented parallel and perpendicular to the plane of the film (a) 
and in the SC state with magnetic field oriented parallel (b) and (c) and 
perpendicular (d) to the plane of the film. The dashed lines arc the computed 
spectra. The relative intensities and arrangement of the spin-wave resonance 
lines in the computed spectra are indicated below each spectrum. 


by the nonuniform spin-wave excitations discussed above. 
The resonance field H n for excitation of a magnon with mo¬ 
mentum q n can be approximately written as 


H n =H 0 +H 0 


xJ 0 S x (T)S(S+l) (iq n ) 2 
k B T 3 1 +(&„)*• 


( 10 ) 


The intensity of the spin-wave satellites is determined by the 
boundary conditions at the surface of the film and the degree 
of nonuniformity of the microwave field f/,(z). In the case 
of symmetric excitation 



FIG. 2. EPR spectra for the samples No. 1 (1= 2500 A, *=0.014, and 
T c =5.0 K)-l, No. 2 (L =3380 A, *=0.02. and T= 4.8 K)-2, No. 3 (L =4030 
A, *=0.009, and 7 C =5 2 K)-3, No. 4 (£=4800 A, *=0014, and T c =5.0 
K)-4 at a temperature of 1.6 K with the magnetic field oriented parallel to 
the surface of the film. The dashed lines were computed. 
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ch(koz) 

c f l ( koLj 2) ’ 


„ 47 TO) 

kl=i-^-a-((o), (11) 

where H x is the amplitude of the incident wave and a{(o) is 
the complex conductivity at the resonance frequency. It is 
well known that in type-II superconductors with a vortex 
lattice the conductivity is anisotropic and depends strongly 
on the relative orientation of the dc magnetic field H and of 
the electric component E x of the microwave field in the 
sample. 5 It can be shown that the penetration depth of the 
microwave field is much smaller for parallel orientation of 
the film. Therefore, the distribution of microwave field in the 
SC state is most inhomogeneous in this geometry and in this 
case the best demonstration of spin-wave effects would be 
expected. To calculate the spectra it is necessary to know the 
parameters of the studied samples: the coherence length £ 
and the inverse penetration depth k 0 of the microwave field. 
These values were estimated from our measurements of the 
critical field H c2 , of the diamagnetic susceptibility, and of the 
integral intensity of the EPR signal. The obtained values of 
£(0)=200 A and X.(0)=600 A give the possibility to fit all 
spectra as it is shown in Figs. 1 and 2. Some discrepancy 
between the calculated and experimental spectra at low field 
wing is caused by nonresonant absorption of microwave 
power by superconductor which has been observed earlier 
for bulk samples. 1 The only fitting parameter was 



T/Tc 


FIG. 3. The parameter A as a function of the reduced temperature for the 
samples No. 1-4. The solid line corresponds to SJJ") of a BCS supercon¬ 
ductor. 

x=0.01. Thus we have shown experimentally that in a super¬ 
conductor in an external magnetic field weakly damped spin 
waves exist. These excitations resulted from the nonlocal 
nature of spin susceptibility of the superconductor. Their ob¬ 
servation is the direct evidence of the existence of a long- 
range exchange interaction between impurities. Previously, 
spin waves in paramagnetic spin systems have been observed 
in two particular cases: first the spin waves in the Fermi 
liquid 6 and second the nuclear spin waves in magnetics. 7 


A=J 0 S(S+l)8 x /3, (12) 

which entered in expression (10) and was fitted for each 
spectrum independently. The obtained temperature depen¬ 
dence of A value is shown in Fig. 3. This figure actually 
reflects the temperature behavior of S^T). The solid curve 
corresponds to the temperature dependence of d x in a BCS 
superconductor. By knowing A it is possible to determine the 
spin stiffness coefficient D"=0,04 cm 2 /s at T=1.6 K and 
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The two-magnon absorption of the electromagnetic waves in the exchange noncollinear magnetic 
phase of four-sublattice antiferromagnet Nd 2 Cu0 4 has been considered. The spin-wave density of 
states and the frequency dependencies of the absorption coefficient have been calculated. It is shown 
that the intensity of the two-magnon absorption by exchange magnons in exchange-noncollinear 
magnets is substantially larger than in magnets collinear in the exchange approximation. 


I. INTRODUCTION 

The two-magnon absorption (TMA) phenomenon con¬ 
sists in the decay of a quantum of the electromagnetic radia¬ 
tion into two magnons. The intensity of the TMA propor¬ 
tional to the density of magnon states. Thus, it will be higher 
for those regions of the spectrum which correspond to the 
flattened portions of the dispersion curves. In the case of the 
three-dimensional magnets the flattening of the dispersion 
curves takes place only for the exchange magnons due to the 
changes of the spectrum under the action of a constant ex¬ 
ternal magnetic field. 1 The TMA has been investigated in 
two-sublattice quasi-two-dimensional antiferromagnets. 2-4 
The TMA by the exchange magnons was studied for the first 
time in the three-dimensional antiferromagnet in Ref. 1 and 
then in the quasi-two-dimensional one in Ref. 5. The mag¬ 
nets collinear in the exchange approximation have been con¬ 
sidered. In these magnets the TMA is due to the interaction 
of the magnetic component of the electromagnetic wave with 
the crystal. The TMA in exchange-noncollinear magnets has 
not been considered. 

The exchange-noncollinear four-sublattice antiferromag¬ 
net Nd 2 Cu0 4 is unique from the point of view of the experi¬ 
ment: First, because its magnon spectrum has quasi-two- 
dimensional character for some particular directions of the 
wave vector; 6 second, due to the special magnetic and crystal 
symmetry of this compound the TMA is electro-dipole active 
in the exchange approximation. 

II. SPIN-WAVE SPECTRUM OF Nd 2 Cu0 4 

The -♦ailed information about the crystal and magnetic 
symmetry and possible magnetic phases of Nd 2 Cu0 4 can be 
found in Ref. 7. The magnon spectrum in noncollinear phase 
has four branches, three of which are acoustic, while the 
fourth is the exchange spin wave. 6 In the case k||[001] (the 
fourfold axis of the tetragonal crystal) the energies of the 
acoustic modes A ! and A 2 are degenerate and do not depend 
on k. This particular case of the pure two-dimensional be¬ 
havior of the A ! and A l branches is connected with the spe- 


^On leave from: Institute for Single Crystals, Academy of Sciences of 
Ukraine, Kharkov, 310001, Ukraine. 


cific crystal and magnetic symmetry. As to the exchange E 
mode, it has a very weak dispersion and its dispersion rela¬ 
tion has also a quasi-two-dimensional character. 

In the case when k has components in the plane parallel 
to Cu0 2 layers (the crystal planes normal to [001]) the mag¬ 
non dispersion relations are typical for the three-dimensional 
magnet. As in all parent compounds of the high-temperature 
superconductors the intralayer exchange interaction is much 
greater than the others. 

The parameters describing the copper magnetic sub¬ 
system of Nd 2 Cu0 4 may be roughly estimated on the basis of 
the results of Refs. 8-10 (see also Ref. 6). The frequencies 
of the homogeneous vibrations are as follows; 6,7 o> A a 
= 16S>/7i<j^[; co Ai = 16S\Jj\a 2 ~a A \ and to E = 16 S\JjD, 
where J is approximately equal to intralayer exchange; a, 
(i'=2, 4, 6, 8) are the anisotropy constants (see Ref. 7 for 
details). The value of J«*870 cm -1 was obtained in Ref. 8 
and it is supposedly the largest of the exchange parameters. 
Using experimental results 9,10 one can get |a 2 |—2.87X10 -4 
cm -1 and |a 2 -a 4 l=3.32X10~ 5 cm -1 . The other anisotropy 
constants have tc ' e of the same order of magnitude. 6,7 The 
values of the four-site D and of the interlayer I exchange 
interactions are unknown at present. The results of the esti¬ 
mations allow us to suppose that J>D>A, where A is the 
combinations of the anisotropy constants. 

Numerical calculations will be done for the / and D 
values related to the known value of J with /= 10 -l 7, and 
D = 10 _3 J. The corresponding magnon spectrum can be 
found in Ref. 6. 

III. TMA OF ELECTROMAGNETIC WAVES 

The interaction Hamiltonian with a uniform external 
electromagnetic field is 

*/.„,= M-g.jVsh'Fji 0) + e,P,(0)], (1) 

where h, and e, are the components of the magnetic and 
electric vectors of the electromagnetic wave, i, j=x,y,z, the 
x, y and z axes, are oriented along the [100], [010], and 
[001] crystal axes, respectively; g :J is the g-factor tensor; 
F,(0) and P,(0) are the zero Fourier components of the mag¬ 
netization vector F=S 4 =1 S„ (see Ref. 7 for details) and the 
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electric dipole moment associated with the pair of spins, 11 
respectively. Magnetic symmetry allows the existence of the 
electric dipole moment, associated with the pair of spins, 
having an exchange nature 

/ > ;(0)=S TT^k^-k^k). (2) 

a,0; k 

The tensors are nonzero for those pairs of the Cu 2+ 

ions that cannot be permuted by the inversion operation and 
also for the ions whose group of positional symmetry does 
not contain an inversion. That is why for the crystal symme¬ 
try under consideration the tensor ir^O) is equal to zero in 
case the lattice structural distortions are absent (see Ref. 7 
for details). The other mechanisms that contribute to P are 
not considered here. 

The part of the expression (1), which is quadratic with 
respect to the magnon creation and annihilation operators, 
may be obtained with the help of quantization of the spin- 
system Hamiltonian described in Ref. 6. We have 


k 

+ *%k e) W&J- kE +h-c.], (3) 

where the amplitudes are calculated in the nearest- 
neighbor approximation; the superscripts m and e denote the 
magneto-dipole and electro-dipole channels of the TMA, re¬ 
spectively. Expression (3) corresponds to the case of h x com¬ 
ponent of the magnetic vector or e x component of the elec¬ 
tric vector of electromagnetic wave. In the case of h y or e y 
one has to change A 2 »A , in (3). For the orientation of the 
magnetic component of the electromagnetic wave along the z 
axis the TMA will not take place in the approximation con¬ 
sidered. The exchange magnon taking part in the absorption 
process is always accompanied by the acoustic spin wave. In 
contrast to the three-dimensional magnets 1 collinear in the 
exchange approximation the amplitudes do not con¬ 
tain any small parameter. The TMA leading to the generation 
of the magnons corresponding to the same branches of spec¬ 
trum is absent. 

The separation of the electro-dipole and magneto-dipole 
channels of the TMA may be carried out by the proper 
choice of the orientation of the polarizations of the 
electromagnetic-field components and the propagation direc¬ 
tion of the incident radiation. For example, in the case when 
k||0y and e]|0z only magneto-dipole absorption by the A) ,A 3 
and E,A 2 magnons takes place. For the magneto-dipole ab¬ 
sorption by the A] and A 3 branches in the frequency region 
w<e cx =8SJ, one can obtain 



(8^b) 2 

4 <4 " 2 


ri [*>4 sign(a 4 ) + w|(l-/)] 2 
J'of") \]l-t 2 


dt. 


(4) 


where (and henceforth ) the notations o>, = 16Syjj\a,\ and 
o) tJ = 165\(/ja,-a ; | 0=2, 4, 6, 8) are used. The electro¬ 
dipole contribution to the TMA is as follows: 




(S'*n) 2 ft 


16 a)' X (o z 


*i 

[a> 2 + <t >4 si 


sign(a 4 ) 


+ a) 2 E (l -t)] 2 t(l - t 2 )- m dt. (5) 

The limiting value t 0 (w) in Eqs. (4) and (5) is determined by 
the relations 

' (g>£ — (o 2 + cu 2 sign(a 4 ) + 2ww /li )&)£ 2 , 

/ 0 (cu)=( at w 0 Sai5W] 

.0 at w^ai, 

in which w 0 = co Ai + to^ando^ = co A] + The co¬ 

efficients of the magneto-dipole and electro-dipole absorp¬ 
tion by the A 2 and E modes may be represented by the ex¬ 
pressions 




(S^b) 2 fi 0 M Os sign(a 6 ) + w|(l + f)] 2 


4 ®«» 2 


VT^ 2 




(Sir ]2 ) 2 


16 w 2 x w 2 


r r 0 (a>) [w +«e sign(a 6 ) + w|(l + r)] 2 r 


respectively. In these formulas 

{(w 2 -w^-w|-2ww a Jo)£ 2 at m 0 =£<o«w,, 


r 0 (w) = 


1 at io, co, 


V “£ +w 62 sign(a 6 -fl 2 ), 

w i = w A 2 +V2w|+ft>6 2 sign(a 6 -a 2 ). 

Following from Eq. (4),(5), and (6),(7), K^'l(co) increase 
with increasing frequency whereas the frequency dependence 
of K^l(w) is nonmonotonic. Such a behavior is connected 
with specific features of the spin-wave spectrum and the 
structure of <J>^(k). The quasi-two-dimensionality of the 
spin-wave spectrum leads to different behavior in the ampli¬ 
tudes of magnon normal modes in two regions of the wave 
vector k space. These amplitudes of magnon normal modes 
enter the expressions for <I>^ ,e) (k). In the first region 
(ka 0 ) \/(D+A)7 _1 (« 0 is the lattice parameter in the 

basal plane) these amplitudes do not depend or depend 
weakly on the k z component of the wave vector which varies 
from 0 to tt/cq. So, in this region of the wave vectors they 
are approximately equal t o their value s at k=0. The second 
region is determined by V(£>+A)7 _1 < ( ka 0 ) < 1. In this 
region <P^(k) is proportional to the inverse square of the 
frequency. The frequency dependencies of the coefficients 
K^co) and K^^^co) are presented in Fig. 1. The 
curves are obtained by the numerical integrations of the cor¬ 
respondent expressions using the values of the parameters of 
the copper subsystem given in the previous section. The de¬ 
pendencies of the coefficients K ( A ’ E («) ^d K^Aoo) are 
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FIG. 1. The frequency dependencies of the absorption coefficients 
Xf>^(«)and*Jf>^(«). 


FIG. 2. The frequency dependencies of the absorption coefficients 
K\ h l t (u) and E (o>). 


given in Fig. 2. The dependence of the coefficient of 
magneto-dipole absorption does not follow the frequency de¬ 
pendence of the density of magnon states in the low- 
frequency region. This discrepancy in the frequency depen¬ 
dencies of the absorption coefficient and the spin-wave states 
density is caused by the structure of the amplitude 

discussed above. 

The TMA by the exchange mode has the main peculiari¬ 
ties similar to that of the absorption by the acoustic magnons. 
They are the nonmonotonic behavior of Kfy((o) in the re¬ 
gion of the frequencies near the activation energy of the ex¬ 
change and acoustic magnon and monotonic behavior of 
K^Ie(u) in the same region. It is important to note that the 
peak height of the magneto-dipole absorption by the ex¬ 
change mode is of the same order of magnitude as the peak 
height of the magneto-dipole absorption by the acoustic 
modes. Thus, the TMA, by the exchange modes in exchange 
noncollinear magnets in the absence of the external magnetic 
field, has substantially larger intensity than in many- 
sublattice magnets collinear in exchange approximation. It is 
caused by the fact that at co<?o> ex the heights of the step of the 
density of magnon states for the exchange anu acoustic 
modes coincide with each other. 

It is necessary to note an interesting peculiarity of the 
TMA originated from the structure of the H m . In the case 
when the radiation is propagated along the z axis the absorp¬ 
tion coefficient does not depend on the orientation of the 
polarization of the incident electromagnetic wave with re¬ 
spect to the x and y axes. It is connected with the fulfillment 
of the relations. 

>k y >k z ) — co^^(ky ,k x ,k z ). 

( 8 ) 

<0A 3 {k x ,k y ,k 2 ) = «>A 3 (k y ,k x ,k z ). 

From relation ( 8 ) and explicit form of 4>^„(k) it follows that 






A \A 2 


M 2 4 3 v 


(9) 


During the experimental investigations of the TMA with 
the scheme of the experimental setup using the fixed fre¬ 
quency of the generator the absorption channels A, ,A 3 and 
A 2 ,A 3 will be undistinguishable with respect to the energy. 
Thus, for the case k||0z and arbitrary polarization 
h x =h cos tp, h y =h sirup the combined absorption coeffi¬ 
cient observed in the experiments does not depend on c p. The 
combined absorption coefficient 

K(a>)=K[\( ( o)+K[ e l Ai (w) 

contains the contributions which are determined by formulas 
(5) and ( 6 ). The same phenomenon takes place for the case 
of the absorption by the exchange mode E because relations 
( 8 ) and (9) are valid at the interchange A 3 =>E. 
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Surface precession solitons (surface “Magnetic drops”) in uniaxial 
magnetics (abstract) 

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov 

Institute of Radioengineering & Electronics of the Russian Academy of Sciences, Moscow, Russia 103907 

Surface spin waves, localizing near the surface of magnets as a consequence of nonlinear properties 
of material, have been studied in Ref. 1. According to the Lighthill criterion this wave is 
modulationally unstable. This can lead to the creation of nonunidimensional surface states. In this 
work, a new class of nonlinear exitations in a pure exchange-coupled uniaxial ferro- and 
antiferromagnets is considered. These exitations are 3D surface precession solitons or “magnetic 
drops” localized near the surface of a crystal. Such solitons are the space localized solutions of the 
Landau-Lifshits equation of motion for magnetization field with appropriate boundary conditions 
for the spins on the surface of magnetics. They keep their dynamic structure during the motion in 
space. The conditions of their stability are found. The problem of soliton motion is considered. It is 
shown that energy and precession frequency for surface 3D solitons is less than for volume 3D 
solitons, which was studied in Ref. 2. The possibility of experimental registration of such solitons 
is discussed. 


‘Yu. I. Bespyatykh and I. E. Dikshtein, Sov. Phys. Solid State 35, 1175 
(1993). 

2 A. M. Kosevich, B. A. Ivanov, and A. S, Kovalev, Phys. Rep. 194, 117 
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Nonlinear self-localized surface spin waves in ferromagnets (abstract) 

Alan Boardman 

Salford University, Salford M54WT, United Kingdom 

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov 

Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, Moscow 103907, 

Russia 

It is well known that in linear theory, surface spin waves (SW) do not exist in a pure 
exchange-coupled ferromagnet for the case of free spins at the surface. However, in these 
approximations of the linear theory the plane volume spin waves (VW), propagating along the 
surface of a ferromagnet, satisfies not only the Landau-Lifshitz equation for the magnetization 
motion, but the boundary conditions for the free surface spins. Such VW can be unstable and can 
be transformed into SW under small changes of a magnetic medium, e.g., if the surface spins are 
partly pinned. In the present work a new type of self-localized SW in the ferromagnet has been 
considered. The existence of such waves is conditioned entirely by the nonlinear properties of a 
ferromagnet. The penetration length of such SW is proportional to 1/A, where A is a maximum of 
the magnetization amplitude on the surface of the crystal. The dispersion equations have been 
obtained for pure exchange and dipole-exchange nonlinear SW. In the latter case me influence of the 
second harmonic generation on the wave propagation at the fundamental frequency was studied. The 
conditions when the SW excites the VW, carrying the energy into the volume of the crystal, are 
derived. The nonlinear Schrodinger equation for the SW envelope amplitude was derived and its 
solitonic solutions are obtained. The estimations of threshold values for the wave numbers of the 
propagating waves are provided. 
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Spin wave dispersion in ferromagnetic nickel (abstract) 

J. M. Rejcek, J. L. Fry, and N. G. Fazleev 3 * 

Department of Physics, University of Texas at Arlington, Arlington, Texas 76019-0059 

The spin wave dispersion in ferromagnetic nickel has been computed in random phase 
approximation using the wave vector and frequency dependent magnetic susceptibility including 
many body enhancement effects. The latter were included using an orbital basis to invert the 
susceptibility matrices that are encountered in a local density, first principles version of a Stoner-like 
theory of many body enhancements. The complicated computer codes employed in the calculation 
were tested by computing numerically the wave vector and frequency dependent spin and orbital 
magnetic susceptibility of the uniform electron gas and comparing with known analytic expressions. 
Numerical work was done using the analytic tetrahedron method. For nickel the theory was 
simplified by introducing a single adjustable parameter in lieu of calculation of complicated 
integrals involving the band structure. The parameter was adjusted to yield agreement with a long 
wavelength spin wave neutron scattering measurement. With the fit parameter, good agreement with 
the experimental dispersion of spin waves in nickel was obtained for other wavelengths as well. 


Research supported by the National Research Council, the Robert A. Welch 
Foundation, and Texas Advanced Research Program. 
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Ferromagnetic resonance and Briilouin light scattering from epitaxial 
Fe^Si! - f films on Si(111) (abstract) 

K>.. Mendik, a) Z. Frait, b) H. von Kanel, and N. Onda 

Laboratorium fiir Festkorperphysik, ETH, 8093 Zurich, Switzerland 

The magnetic properties of epitaxial Fe^Sij^ films on Si(lll) have been determined by means of 
ferromagnetic resonance (FMR) and Briilouin light scattering (BLS). The investigated films are 
(111) oriented, with thicknesses h = 150 A, 250 A, 710 A, and Fe concentrations x =0.75, 0.79, and 
0.75, respectively. 1 All experiments have been carried out at room temperature. For BLS, the 
frequencies of both surface and bulk magnons have been measured as a function of the external in 
plane field H and the in plane direction of magnon propagation versus the main crystallographic 
axis. Moreover, 'he wave vector dependence has been used to identify the surface and bulk magnons 
present in the thicker films. FMR has been used in the parallel configuration (PC) and normal 
configuration (NC), where the external applied field lies in the sample plane and normal to the 
sample, respectively. Several waveguide setups were used to cover the frequency range from 18 to 
92 GHz. For the numerical analysis we used the resonance conditions for a thin single crystalline 
film grown in the (111) plane. From our fits we obtained for the Lande g value 2.1, for the saturation 
induction 4irA/ s =8.8 kG, 10.7 kG, 13.7 kG for h = 150 A, 710 A, and 250 A, respectively. The 
magnetic parameters have been found to depend strongly on the Fe concentrations and Fe^Si, _^-Si 
substrate interface interdiffusion. The magnetic parameters of epitaxial Fe^Sij _ x films are in 
agreement with the data obtained from single crystals by Hines et al. 2 The Landau-Lifshitz FMR 
relaxation constant is very small, ranging from 5 to 8X10 7 rad/s. 


^Present address: Department of Physics, Colorado State University, Fort 
Collins, CO 80523. 

b) Institute of Physics, Na Slovance 2, Praha 8, 18040, Czech Republic. 

‘N. Onda, H. Sirringhaus, S. Goncalvcs-Conto, C. Schwarz, S. Zehndcr, 
and H. von Kane!, Appl. Surf. Sci. 73, 124 (1993). 

2 W. A. Hines, A. H. Menotti, and J. I. Budnick, J. Magn. Mater. 39, 223 
(1983). 


J. Appl. Phys. 76 (10), 15 November 1994 


0021-8979/94/76(10)/6897/1/$6 00 


© 1994 American Institute of Physics 6897 





Hyperfine Field, Mossbauer Effect, and NMR 


N. Koon, Chairman 


Nuclear secondary echo in ferromagnets caused by quadrupole 
and Suhl-Nakamura interactions 

V. I. Tsifrinovich 

Physics Department, Polytechnic University, Six Metrotech Center, Brooklyn, New York 11201 and Bramson 
ORT Technical Institute, 321 Avenue N, Brooklyn, New York 11230 

The formation of the secondary nuclear spin echo signals in ferromagnets has been investigated 
taking into consideration the quadrupole and Suhl-Nakamura interactions. It is assumed that the 
inhomogeneous distribution of the quadrupole frequency coq+Scoq is independent of the 
distribution of nuclear magnetic resonance frequency &>„+ 8a> n , and a characteristic size of these 
inhomogeneities is small in comparison to the correlation radius of the exchange interaction in the 
electron ferromagnetic system. It is shown that the quadrupole interaction causes the formation of 
the secondary echo signals at r=(2/fc+ l)r, 1 1/2, where I is the nuclear spin, the time t 

is measured from the second rf pulse, and r is the time interval between the rf pulses. The spectrum 
of the spin echo signal with maximum at t=t E contains (21+1-t E /f) frequencies. The Suhl- 
Nakamura interaction causes the additional echo signals with maximum at even values r/r. 


INTRODUCTION 

It is well known that in ferromagnets after the action of 
two pulses with the nuclear magnetic resonance (NMR) fre¬ 
quency one can observe not only the usual Hahn’s nuclear 
spin echo but also the secondary echo signals. 1 This article is 
dealing with the investigation of these signals. 

First of all we note that the secondary echoes may be 
caused by two “external” circumstances. (1) High frequency 
of the pulse pairs repetition in the real experiments. If the 
period of repetition is small in comparison with the time of 
longitudinal relaxation, then the secondary echoes may be 
caused by the influence of previous pairs. (2) If the connec¬ 
tion between the magnetic system of a sample and a measur¬ 
ing circuit is strong enough, the currents in the circuit, that 
are induced by the first echo signal, act on a sample and 
cause the additional echo signal, etc. Furthermore, we will 
suggest that these situations are eliminated, so we will con¬ 
sider internal mechanisms of a secondary echo formation. 

QUADRUPOLE INTERACTION 

The Hamiltonian of a nuclear system with the quadru¬ 
pole interaction is 

H= -h{(w n + 8 co„)I z +(\I2)(<oq+ 8(Oq)1 2 z + (\I2) 
X[9i(0 + 92(0][/+exp(i'a)/) + C.C.]}, (1) 

where I is the nuclear spin, w„+ 8a>„ is the inhomogeneous 
NMR frequency, o>q+ 8oj q is the inhomogeneous quadru¬ 
pole frequency, and q p (t) is the envelope of the pth rf pulse. 
The evolution of nuclear spins is described by the equation 
of motion for the density matrix p 

ihp=[H,p ]. (2) 

To describe the echo signals we calculated the average trans¬ 
verse component of a nuclear spin 


</+)= j f g(8co n ,8co Q )Tt(I + p)d(Sco n )d(8co Q ), (3) 

— 00 

where g(8w n ,8eoQ) is a distribution function. 

The secondary echo formation depends on values 
(\8(i)„\)t and (|<5mJ)r, where ris the time interval between 
the rf pulses, (|<5<yJ) and (j/>ft> Q |) are characteristic inhomo¬ 
geneities of NMR and quadrupole frequencies. The situation 
8(o n ~ 0 that is typical for nonmagnetic substances was first 
considered by Solomon. 2 The opposite situation 8co Q = 0 was 
considered by Abe et al . 1 

We have considered another realistic situation 

<|&w„|)r,<|&w G |>r>l. (4) 

In this case the nuclear spin system acquires an inhomoge¬ 
neous phase caused by the inhomogeneity in both 8(o„ and 
8o)q . For the signal formation this inhomogeneous phase 
must be canceled after the second rf pulse. For analytical 
calculations we used the Symbolic Formulas method. 3 The 
results of calculations depend sufficiently on correlation be¬ 
tween inhomogeneities of 8ai n and 8coq . We have consid¬ 
ered the situation when inhomogeneities of 8co n and Sio Q 
were independent. According to our calculations the echo 
signals appear at 

t = (2k+\)r, 0*£/t=£/-1/2, (5) 

where t is measured from the end of the second pulse. (The 
usual Hahn’s signal corresponds to the value k- 0). 

If w g >(|5&>q|), i.e., the NMR spectrum is a quadrupole 
split one, then the spectra of echo signals are essentially 
different. The spectrum of the spin echo with maximum at 
t=t E contains (2I+\-t E lr) frequencies. The echo spec¬ 
trum at t = t has 21 frequencies that coincide with the quad¬ 
rupole split NMR spectrum, the echo spectrum at f=3r has 
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(21-2) frequencies and so on. For half-integer spin I the 
spectrum of the echo at t=t,. consists of frequencies &> 

co=a) n ±q<i)Q, 0^q^I~t E /2r. ( 6 ) 

For integer spin / we have r, ;ccived 

(o = (o n ±(t)Q{q+\/2\ 0^/-l/2-f £ /2r. (7) 

In particular for 7=3/2 the spectrum of the echo at t= r 
contains frequencies co = aj n ,w n ±a>Q, and the spectrum of 
the echo at t - 3 r has only one frequency o>=w„. This result 
is in agreement with experiments of Abelyashev et al. A 

The mechanism of formation of secondary echo signals 
and their frequencies may be explained with the symbolic 
formulas. 3 For example, the latest echo signal for half¬ 
integer spin I is described by symbolic formulas 

(lj;-2*, + u ), 1=2/ +1, k=i/2. (8) 

This means that under the action of the first pulse the initial 
matrix elements p J} are transformed into the off-diagonal el¬ 
ement p u that oscillates with the frequency 
« u =-2 1(a) n + S(o„). In a time interval r between the rf 
pulses the quantity p u acquires an inhomogeneous phase 
- 2 I(cd„+Sco„)t. The second pulse transforms p u into 
Pk+i,k> that oscillates with the frequency 0 )*+! *= u) n +8co n . 
So, the advance of the inhomogeneous phase <5 continues, 
and we obtain 

$ • — 2I(u}„+ Sco n )T+((o n + 8(o n )t. (9) 

Consequently, at time t = 2lr the inhomogeneous phase 4> 
has the same value for all the spins, and the spin echo signal 
appears with a carrier frequency a>„. 

SUHL-NAKAMURA INTERACTION 

To take into consideration the Suhl-Nakamura interac¬ 
tion we used the half-classical theory of motion for nuclear 
spins in ferromagnets. 5 The half-classical Hamiltonian of the 
Suhl-Nakamura interaction may be written as 

// SN =-(l/2)ftoy7- + C.C., (10) 

where « p is the parameter of the interaction which coincides 
with the frequency pulling for homogeneous nuclear 
system, 6 

s = (/ + >/</°>, (ID 

(l° z ) is the equilibrium value of ( l z ). We regard a character¬ 
istic size of the inhomogeneity in the nuclear system as a 


small one in comparison with the correlation radius of the 
exchange interaction in the electron spin system. 

Putting H+H S x into (2) we receive the integrodifferen- 
tial equations for the nuclear density matrix that include 
p(Sco„,Sa)Q) and JJPgd(8oj n ),d(8coQ). Integral terms de¬ 
scribe the Suhl-Nakamura interac.ion which is “turned on” 
only at those time intervals when the average transverse 
nuclear spin (/ + ) has a sufficiently large value. This effect is 
caused by a small characteristic size of nuclear inhomogene¬ 
ity: the electron spins interact with the average nuclear spin 
</+>• 

In the linear approximation to the Suhl-Nakamura inter¬ 
action we have received the additional echo signals that have 
maximum at 


t=2pr, l*Sp*ZN, ( 12 ) 

where N= 21 for he half-integer spin, and N=2l- 1 for the 
integer spin. For example, the mechanism of formation of the 
echo signal with maximum at t = 2r is described by sym¬ 
bolic formulas 


— / y mm _ 

V 1 jj z i t i + l E'mm )• 


(13) 


Here the first pulse transforms the diagonal matrix elements 
into p , l+1 . In a time interval r between the pulses the quan¬ 
tity p l l+ ! acquires an inhomogeneous phase w M+1 r. The 
second pulse again transforms p l(+1 to diagonal elements 
p mm that do not change a phase between the second pulse and 
the first echo signal. When the first echo signal is formed, the 
average transverse nuclear spin (/+) has the maximum 
value. Consequently, the Suhl-Nakamura interaction is 
“turned on,” and it transforms p mm into p l+1 f . The inhomo¬ 
geneous phase advance ( I> is 


^ = w, + 1 > 1 [-T+(r-r)], (14) 

and the spin echo appears at f = 2r. 

In conclusion we note that for a > Q =0 all secondary sig¬ 
nals except the signal at / = 2r disappear. It means that other 
signals at even values t/r are caused by both the Suhl- 
Nakamura and the quadrupole interactions. 
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A Mossbauer effect study on the acicular cobalt ferrite particles 

J - GNa 

Korea Institute of Science and Technology, Sungbuk, Seoul 136-791, Korea 

D. H. Han, J. G. Zhao, and H. L. Luo 

State Key Laboratory of Magnetism, Institute ofPhys'rs, CAS, Beijing 100080, People’s Republic of China 

The causes of the coercivity enhancement and the coercivity instability of acicular cobalt ferrite 
particles containing 0-9.2 wt % Fe 2+ ions under the influence of magnetic field and temperature 
were investigated by means of transverse magnetic field annealing, torque, and Mossbauer 
experiments. The coercivity enhancement and the instability of Co modified iron oxide particles are 
closely related to the uniaxial magnetic anisotropy. A Fe 2+ -C0 2+ pair model was proposed to 
explain the uniaxial magnetic anisotropy of Co modified iron particles. To verify the nature of the 
Fe 2+ -Co 2+ pair, the probability of one or more Co ions appearing in the neighborhood of a B site 
Fe 2+ ion was calculated using the chemical composition, the Mossbauer parameters, Pi(Fe 2 ) and 
Pi(Fe +3 ) and discussed conditions for forming the pair between the nearest-neighbor Co 2+ and Fe 2+ 
ion. 


I. INTRODUCTION 

Cobalt modified iron oxide particles are the predominant 
materials for use in video tapes and disks for high density 
digital recording density, but there are still some problems to 
be addressed. For cobalt body doped iron oxide particles, the 
coercivity decreases irreversibly with temperature and time 
in a magnetic field. On the other hand, the coercivities of 
cobalt surface doped or adsorbed iron oxide particles cannot 
increase significantly, usually from 600 to 800 Oe, compared 
to 2000 Oe for cobalt body doped ones. 1,2 Therefore, it is 
important to investigate the mechanism of the coercivity en¬ 
hancement and the coercivity instability of cobalt modified 
iron oxide particles. 

In this article, a Co 2+ -Fe 2+ model was proposed to ex¬ 
plain the results of the transverse magnetic field annealing 
and the torque experiments of cobalt modified iron oxide 
particles. / Iso calculated was the probability of one or more 
Co 2+ ions appearing in the neighborhood of a B site Fe 2+ ion 
using Mossbauer parameters, Pi(Fe + ) and Pi(Fe +3 ) to verify 
the nature of the Co 2+ -Fe 2+ pair. 

II. EXPERIMENTAL PROCEDURE AND RESULTS 

A. Preparation of samples 

Coba u body doped iron oxide particles were prepared by 
coating t> . liar y-Fe 2 0 3 particles (an average length of 0.5 
/j.m, an aspect ratio of 10) with about 3.5 wt % Co 2+ and 
different Fe 2+ contents by the usual chemical coprecipitation 
method and then heated at 390 °C in N 2 atmosphere for 2 h 
for diffusing Co 2+ and Fe 2+ ions into the core of y-Fe 2 0 3 
particles. The powders were mixed with the organic resin ink 
and coated on a plastic film in the presence of external mag¬ 
netic field at room temperature (denoted A x -A 6 ). A magnetic 
field of 2 kOe applied an in-plane direction of the sheets and 
the direction was fixed during magnetic drying. For compari¬ 
son to the body doped particles, surface epitaxial iron par¬ 
ticles were also prepared. Detailed procedures for preparing 
these particles were described elsewhere. 3 Magnetic tapes 
using these particles were made by the same process above 
except the heating (denoted B). 


Table I represents the composition of samples A, -A 6 
and B analyzed by an inductive coupled plasma method. 

B. Magnetic measurement 

Magnetic properties of samples were measured using a 
vibrating sample magnetometer (Princeton model 155). 

The coercivity instability of the sheets was measured 
using the method proposed by Eiling. 2 The oriented particu¬ 
late magnetic sheets were put in a magnetic field of 3 kOe 
perpendicular to the sheet plane and annealed at 85 °C for 12 
h (denoted A J - A' 6 and B'). The coercivities measured par¬ 
allel to the orientation direction of the samples before and 
after the transverse magnetic annealing (TMA) were denoted 
as H c || and H c >j and that perpendicular to the plane of the 
samples as H cl and H c > lf respectively. The results are listed 
in Table II. 

The torque curves of the sheeis were measured using a 
TOEI torque magnetometer. The detailed procedure to mea¬ 
sure the uniaxial magnetic anisotropy constant, K u and the 
crystalline magnetic anisotropy constant, K, of the acicular 
cobalt ferrite particles is presented elsewhere. 4 Table III rep¬ 
resents the K u and K, before and after TMA. 

C. Mossbauer spectrum measurement 

The Mossbauer equipment used is an electromagncti- 
cally driven, constant acceleration Mossbauer spectrometer. 
The radioactive source is Co(Rh) of 20 mCi. The y-ray 
propagation direction was perpendicular to the plane of the 
samples. The Mossbauer curves of the samples before and 
after TMA were taken at room temperature. The Mossbauer 
parameters were deduced from the Mossbauer spectra by the 


TABLE I. The content of Fc 2+ and Co 2+ ions of cobalt modified iron par¬ 
ticles. 


Sample 


^2 

Aj 

a 4 

A 5 

A„ 

B 

Co 2 * (wt %) 

36 

3.5 

3.4 

3.3 

3.3 

3.2 

3.1 

Fe 2 ~ (wt %) 

0 

2.8 

50 

6.4 

8.5 

9.2 

9.1 
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No 1 
No 2 


TABLE II. The coercivity changes of magnetic sheets before (A) and after 
(A') TMA. 


Sample 

h 4 

(Oe) 

He 1 
(Oe) 

Sample 

H c'l 

(Oe) 

H c 'x 
(Oe) 


969 

604 

a; 

703 

608 

^2 

845 

611 

a’ 2 

719 

642 

^3 

939 

637 

A 3 

717 

712 

a 4 

1001 

630 

K 

749 

781 

^5 

1130 

671 

A’s 

744 

875 

A 6 

1164 

653 

a; 

750 

889 

B 

648 

548 

B' 

514 

625 


usual least-squares fitting techniques, using a computer. The 
spectra were fitted assuming two magnetic components: Fe +3 
on the A sites, Fe +2 and Fe +3 on the B sites. 

The Mossbauer spectra of sample A 4 , and B were taken 
because the Fe 2+ ion content of these samples is significantly 
different. Figure 1 shows the Mossbauer spectra of sample 
A 4 , and B and Table IV represents the Mossbauer parameters 
deduced from these spectra. The Mossbauer spectra of 
samples before TMA are presented in Fig. 1 because there 
were no significant differences between the spectra of 
samples before and after TMA. 

According to the theory of the hyperfine field of transi¬ 
tion metal ions 5,6 and the Mossbauer parameters given in 
Table IV the value of (N d ) cxp , Pi(Fe +2 ) and Pi(Fe +3 ) can be 
calculated from the following equations 

(N d ) = (N d ) f MH F U/H F (Fc i+ ), (1) 




l ' T? *~^ L « "* -4 “ (V 't 
Velocity (finm/s) 


FIG. 1. Mossbauer spectra for sample A 4 (a) and IS A (b). No 1 and No. 2 
represent A and B sites, respectively 


where (V,,) exp is the local average number of the d electron 
with unpaired spins, (N d ) H 3 + unpaired d-electron number of 
Fe 3+ ions, which is 5, H f ( Fe 3+ ) the hyperfine field ot Fe 3+ 
ions, which is equal to 517 kOe. 6 

(H f ) = P( Fe 2+ )// f (Fe 2+ ) + P( Fe 3+ )H F ( Fe 3+ ), (2) 

where Pi(Fc +2 ) and Pi(Fe +3 ) are normalized probabilities for 
the admixture of Fe 2+ and Fe 3+ ions. 

The calculated (N d ) and Pi are also given in Table IV. 

III. DISCUSSION 

From Tables I and II, it may be seen that the coercivity 
of cobalt body doped iron particles (A,) increased linearly 
with increasing Fe 2+ content, although the Co content of 
these samples was the same at about 3.5 wt %. The K u of 
samples A, increased with increasing Fe 2+ content, while K t 


of these samples decreased, as seen in Table III. These re¬ 
sults are in good agreement with that of Wang et al? They 
reported that the H c of cobalt body doped particles increased 
with increasing Fe 2+ content, which was attributed to the 
increase if K u . 

From ‘he changes of the coercivities and the magnetic 
anisotropies of the before (A) and after (A') TMA, given in 
Tables II and III, one can see that the H c \\ of samples de¬ 
creases significantly with increasing Fe 2+ content, while the 
H cl increases slightly with TMA, and this is mainly attrib¬ 
uted to the decrease of K u with TMA. From the above ex¬ 
periments, one may understand that the coercivity and the 
coercivity instability of cobalt modified iron particles are 
strongly dependent on the uniaxial anisotropy and are closely 
related to the Fe 2+ ions as well as the Co 2+ ions. These 
results cannot be explained by the model proposed by 
Kishimoto 8 and Sharrock. 9 They reported that the uniaxial 


TABLE III. The changes of magnelic anisotropy constant of magnetic 
sheets before(A) and after(A') TMA. 


Sample 

K u (X10 5 
crg/cc) 

K,(X 10 s 
erg/cc) 

Sample 

K u (X10 5 
erg/cc) 

K, (X10 5 
crg/cc) 

A, 

7.6 

126 

a; 

7.6 

12.6 

A, 

11.0 

11.4 

A( 

8.9 

10.1 

^3 

13.9 

7.6 

a; 

10.1 

8.3 

a 4 

14 9 

7.0 

a; 

10.9 

8.5 

a; 

16.0 

66 

As 

11.2 

8 1 

a 6 

19.2 

4.6 

a; 

11.1 

5.4 


TABLE IV. Mossbauer parameters (N d )„ p and l\ of magnetic sheet A 4 and 
B before TMA. 


Mossbauer 

subspectrum 

IS 

(mm/s) 

H e 

(kOe) 

Area 

ratio 

(%) 

P 

P(Fe 2 *) 

P(Fc 3+ ) 

A 4 (A) 

0.34 

502 

92.3 

4.9 

0.9 

0.1 

A 4 (B) 

0.43 

444 

7.7 

4.3 

0.4 

0.6 

f?(A) 

0.36 

501 

91.3 

49 

0.8 

0.1 

B(B) 

0.60 

441 

8.7 

4.3 

0.4 

0.6 
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anisotropy of cobalt ferrite powders was closely related to 
the coercivity instability but induced by the migration of 
Co 2+ ions in a spinel lattice, and Fe 2+ ions facilitated the 
migration of cobalt ions only. 

On the basis of these results, we suggest that the uniaxial 
magnetic anisotropy of cobalt modified iron particles would 
be originated from the arrangement of Fe 2+ ions with Co 2+ 
ions, i.e., Fe 2+ -Co 2+ pair. 

The Mossbauer parameters of magnetic sheets A 4 and B 
before TMA, given in Table IV, are comparable to those of 
other’s works. 9 There is no significant change in the (N d ) exp , 
Pi(Fe +2 ) and Pi(Fe +3 ) between samples A 4 and B except the 
values of Pi(Fe +2 ) and Pi(Fe +3 ) in the A site. The difference 
of these values may be attributed to the different Fe 2+ con¬ 
tent of samples A 4 and B. From the values of Pi(Fe +2 ) and 
Pi(Fe +3 ) of subspectra, it may be deduced that the subspectra 
(A) of samples are mainly attributed to Fe 3+ ions and the 
subspectra ( B ) to Fe 2+ and Fe 3+ ions. The higher the value 
of IS and area ratio in the B subspectrum of sample B than 
those of A 4 , is attributed to the higher the Fe 2+ content of 
sample B than that of A 4 . 

The probability of n -Fe ions appearing in the neighbor¬ 
hood of a B site Fe ion may be calculated from the following 
equation 10 

P(n) = 6 C n C n (l-C) 6 - 1 ', (3) 

where C is the concentration of Fe ions on B sites in the 
spinel lattice. 

Substituting C=0.91 in Eq. (5), the concentration of Fe 
in sample A 4 , P(n) for N= 6, 5, 4, and 3 were obtained. 
P(n) was calculated as 0.57,0.34,0.08, and 0.01 for n =6,5, 
4, and 3, respectively. The probability of one or more Co 2+ 
ions appearing in the neighborhood of a B site Fe ion is 0.43 
and that of a B site Fe 2+ ion is about 0.25, calculated using 
the values of Pi(Fe +2 ) and Pi(Fe +3 ) in the B subspectrum of 
sample A 4 . We did not calculate the probability for sample B 
because sample B was prepared using Co surface epitaxial 
particles. However, the probability of this sample might be 
higher than that of sample A 4 , because of the higher Fe 2+ 
content and confinement of Co 2+ and Fe 2+ ions to surface 
epitaxial layer of iron particles of sample B. 
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It is thought that these Co 2+ -Fe 2+ arrangements may 
form the Co 2+ -Fe 2+ pairs, but the appearance of Co ions in 
the neighborhood of the B site Fe 2+ is only a requisite con¬ 
dition for forming the Co 2+ -Fe 2+ pair because more than a 
Co ion can appear in the neighborhood of a B site Fe 2+ ion 
and more than a Fe 2+ ion can also appear in the neighbor¬ 
hood of a Co 2+ ion. Therefore, there may be another condi¬ 
tion for forming the Co 2+ -Fe 2+ pair between the nearest- 
neighbor Co 2+ and Fe 2+ ion. These may include the ion- 
configuration around a Co 2+ ion as well as that of a Fe 2+ ion, 
and that distance between the nearest-neighbor Co 2+ and 
Fe 2+ because that is not the same due to the crystalline 
field. 11 Additional study on these points is suggested. 

IV. CONCLUSIONS 

(1) The coercivity enhancement and instability of Co 
modified iron oxide particles containing 0-9.2 wt % Fe 2+ 
ions are closely related to the uniaxial magnetic anisotropy 
from the transverse magnetic annealing and torque experi¬ 
ments. 

(2) The Fe 2+ -Co 2+ pair model was proposed to explain 
the uniaxial magnetic anisotropy of the magnetic particles. 

(3) To verify the nature of the Fe 2+ -Co 2+ pair, the prob¬ 
ability of one or more Co ions appearing in the neighborhood 
of a B site Fe 2+ ion was calculated using the chemical com¬ 
position, the Mossbauer parameters, Pi(Fe +2 ) and Pi(Fe +3 ). 
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X-ray photoelectron spectroscopy and Mossbauer study of Ho(Fe 1 _ x Mn x ) 2 
compounds 

Y. J. Tang, Y. 8. Feng, and H. L. Luo 

Institute of Physics, Academia Sinica, Beijing, People’s Republic of China 

S. M. Pan 

General Research Institute for Non-Ferrous Metals, CNNC, Beijing, People’s Republic of China 

Cubic Laves compounds Ho(Fe 1 _ A .Mn JC ) 2 (x=0, 0.1, 0.2, 0.3) were investigated by XPS and 
Mossbauer measurements. It was found that the binding energy (BE) of compounds obtained by 
XPS remains almost the same for all the compounds and no chemical shift (8) of the core-electron 
binding energy was found, which implies that no charge transfer takes place from Mn atoms to Fe 
atoms due to Mn substitution. Mossbauer study has shown that the average hyperfine fields and the 
deduced Fe moment decrease with increasing Mn content. It is considered that the variation of 
isomer shift (IS) due to Mn substitution obtained by Mossbauer measurement is mainly due to the 
size effect since the isomer shift ( S) for the compounds are almost linearly dependent on the volume; 
electron transfers seem to be of minor importance. 


I. INTRODUCTION 

In recent years much research has been carried out on 
the magnetic and magnetostrictive properties of R(Fe 1 _ i T f ) 2 
(R=rare earth elements, T=Mn, Al, B, Ga, Si...) pseudobi¬ 
nary cubic Laves compounds in order to examine the substi¬ 
tution effect. 1-3 It was found from Mossbauer study that the 
isomer shift (IS) in Dy(Fe t _*T,) 2 (T=A1, B) compounds 
increases with increasing x value, which was ascribed to the 
2p or 3p electrons of B or Al atoms are transferred into the 
3 d band of Fe atoms. 3 However since it was also found that 
the isomer shift (IS) in R(Fe Jt Ni,_ ;c ) 2 (R=Dy, Ho) com¬ 
pounds are linearly dependent on the volume of the variation 
of the isomer shift (IS) and was suggested to be mainly due 
to the size effect and is not related to the increase of the 
electron concentration of the system. 4 A better knowledge of 
these phenomena can lead to a better understanding of the 
substitution effect for transition metals on magnetic and 
magnetostrictive properties in RFe 2 compounds. X-ray and 
photoelectron spectroscopy (XPS) analysis can provide use¬ 
ful information about the energy shift of the core-electron 
binding energies. These energy shifts are related to the po¬ 
tential at the nucleus, which is approximately a function of 
the valence electron population and the potential due to the 
atoms of the environment, so detailed study on R(Fe,_^T v ) 2 
compounds by XPS can provide direct information about the 
charge transfer due to substitution. By Mossbauer study, th. 
charge density p(0) at the nucleus is measured through the 
isomer shift (IS). Mossbauer studies on 57 Fe for RFe 2 com¬ 
pounds have shown that even though these compounds have 
an identical crystallographic structure, they present several 
types of spectra. 5 With the direction of easy magnetization 
(n) along the [100] axis all iron atoms are equivalent and a 
simple six-line spectrum is obtained, as was observed for 
HoFe 2 ,md DyFe 2 . If n is along the [111] or [110] direction, 
there are two magnetically inequivalent iron sites, giving rise 
to a spectrum superposed by two six-line patterns with popu¬ 
lation ratios 1:3 or 2:2, as observed for YFe 2 , TbFe 2 , ErFe 2 , 
and TmFe 2 or SmFe 2 at low temperature. For R(Fei _/rJ 2 
compounds the spectrum become more complex when Fe 


was substituted with other elements, which is due to the ex¬ 
istence of a range of hyperfine fields in the material occa¬ 
sioned by the random distribution of Fe and T atoms over the 
transition metal sublattice. 

In the present study the chemical shift (<5) obtained by 
XPS and isomer shift (IS) measured by 57 Fe Mossbauer for 
Ho(Fe 1 __ t Mn_ t ) 2 (x=0-0.3) compounds were examined in 
order to reveal the substitution effect. 


II. EXPERIMENT 

Ho(Fe!_ t MnJ 2 (x = 0, 0.1, 0.2, 0.3) compounds were 
arc melted in an arc furnace under high pure argon atmo¬ 
sphere, and annealed at 900 °C for a week under a purified 
argon atmosphere. The x-ray analysis showed that all 
samples were a single phase of cubic Laves structure (Cl5), 
and the lattice constant were calculated by using the (440) 
peak of x-ray spectra for the compounds. The Mossbauer 
spectra were recorded at room temperature with a conven¬ 
tional constant acceleration spectrometer with a 57 Co source 
in a Pd matrix. The record time for each sample is about two 
days and the velocity was calibrated with an a-Fe foil of 
25-pm thickness. The x-ray photoelectron spectra (XPS) 
were obtained by an ESCALAB5 ESCA spectrometer 
equipped with an Al radiation source E(Xa)= 1486.6 eV 
and with a resolution of 0.5 eV. The samples were supported 
in the appropriate sample holders and mounted on high 
vacuum feedthroughs, then argon sputtered for 15 min to 
ensure clean surface for examination. 


III. RESULTS AND DISCUSSION 

The lattice constants of Ho(Fe,_ x Mn_,) 2 (x=0, 0.1, 0.2, 
0.3) compounds are obtained by the x-ray method and listed 
in Table I. They increase with increasing Mn content. The 
binding energy (BE) calculated from the XPS spectra are 
also listed in Table I. For metals, the binding energy is the 
minimum energy required to excite a core electron to an 
available unoccupied state above the Fermi level and is in- 
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TABLE I. Lattice constant, binding energy, hyperfine parameters, and magnetic moment jj^ e in HofFe^Mn,^ 
(jc= 0, 0.1, 0.2, 0.3) compounds at room temperature. 


X 

a 

(A) 

Binding energy (eV) 

(kOe) 

IS 

(mm/s) 

SQ 

(mm/s) 

Arc (300) 
(Ma/Fe) 

Fe2 p m 

Fe2 p V2 

Mn2p 3 /2 

0 

7.333 

706.8 

719.8 


195.4 

-0.121 

0.038 

1.43 

0.1 

7.343 

706.6 

719.4 

639.2 

179.6 

-0.135 

0.063 

1.31 

0.2 

7.361 

706.7 

719.5 

639.1 

138.1 

-0.084 

0.072 

1.01 

0.3 

7.381 

706.6 

719.6 

639.3 

130.3 

-0.022 

0.058 

0.96 


fluenced by the chemical environment. According to charge 
potential model, 6 the ionization energy of a core subshell 
( i A ) is approximated by 

m A )^kfq A +eV A , ( 1 ) 

where q A is the partial charge on the atom A, k^, is an ad¬ 
justable parameter, and V A is the potential of atom A due to 
the other atoms B in the system. With a simple point-charge 
approximation 


^=2 

B*A 


4 7 reoflV 


( 2 ) 


where the R AB are intemuclear distances. From analyzing the 
binding energy of Fe 2p 1/2i3/2 and of Mn2 p 2/2 listed in 
Table I we found that the binding energy (BE) of compounds 
remains almost the same value for all the compounds and no 
chemical shift of the core-electron binding energy was 
found. This implies that no charge transfer takes place from 
Mn atoms to Fe atoms due to Mn substitution. 

The Mossbauer spectra present in Fig. 1 were analyzed 
using a standard computer procedure. Depending on the 
shape of the spectrum one to five independent six-line pat¬ 
terns with unrestricted intensities, hyperfine fields, quadruple 



Velocity (mm/s) 


FIG 1. Mossbauer spectra of HofFe^Mn,^ compounds (x = 0, 0.1, 0.2, 
0.3) at room temperature. 


splitting, and isomer shift were fitted in order to reproduce 
the broadening of the spectra with increasing Mn content. 
The half-width of all the six-line patterns was kept constant. 
The spectrum of HoFe 2 was fitted as one six-line pattern, 
indicating that the magnetic moment is directed along the 
[100] axis. 5 It is obvious that Mn substitution has a great 
influence on the hyperfine interaction, as can be seen from 
Fig. 1. The Mossbauer absorption spectra for x>() com¬ 
pounds indicate the existence of the wide hyperfine field dis¬ 
tribution because of the random distribution of Mn atoms in 
transition metal sublattice. The broadening of spectra was 
also found in other R(Fej _ X T X ) 2 compounds due to substitu¬ 
tion and was explained, for R(Fe,_^Al I ) 2 compounds, 2 on 
the basis of the local environment effect which supposes that 
the hyperfine fields distribution for a given iron atom has a 
proportionality relation with the number of Fe nearest- and 
next-nearest-neighbors calculated from the binomial for¬ 
mula. However, no reasonable results can be obtained in the 
present study when the same procedure, as used for 
R(Fe, _ x Al i ) 2 compounds, was employed to fit the spectra of 
Ho(Fej_ x Mn x ) 2 compounds, which means that no definite 
conclusion can be drawn about the existence of the local 
environment effect in Ho(Fe, ^Mn t ) 2 compounds. Through 
fitting the spectra, the average hyperfine field H h ,, isomer 
shift (IS), and quadruple splitting (QS) are obtained and 
listed in Table I. It is clearly seen from Table I that the 
average hyperfine field decreases with increasing Mn con¬ 
tent. It has been shown 7 from combined NMR and Moss¬ 
bauer investigation that the average iron hyperfine field and 
average iron moment are proportional to each other 


( 3 ) 

The proportionality constant a equals 145 kOe//x B for Y-Fe 
compounds 7 and 125 kO e/fi B was used for Dy(Fe 1 _ jr B^) 2 
compounds. 3 Here we consider a = 137 kOe/yu B for 
Ho(Fe 1 _ i Mn^) 2 compounds, which was deduced from the 
hyperfine field and iron moment for HoFe 2 in the present 
study. The Fe moments calculated from Eq. (3) were listed in 
Table I. The decrease of yu Fe with increasing Mn content is 
evident which means that Fe moment is strongly influenced 
by Mn atoms. 

From Table I it can also be seen that the average isomer 
shift (IS) shows a weak concentration dependence, which is 
the characteristic of these compounds. We note that the IS for 
the compounds are almost linearly dependent on the volume, 
as can be seen from Fig. 2. Taking the XPS results for the 
compounds into account we suggest that the variation of IS 
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Volume (A 3 ) 

FIG. 2. Volume dependence of the isomer shift in Ho(Fe,_ J( Mn i ) 2 
compounds. 


due to Mn substitution is mainly due to size effects; electron 
transfers seems to be minor importance. 

IV. CONCLUSION 

In conclusion, we would like to point out that for 
Ho(Fe,_^Mn i ) 2 (x=0, 0.1, 0.2, 0.3) compounds: 


(1) From the XPS measurement it was found that the 
binding energy (BE) of compounds remains almost the same 
value for all the compounds and no chemical shift (S) of the 
core-electron binding energy was found, which implies that 
no charge transfer takes place from Mn atoms to Fe atoms 
due to Mn substitution. 

(2) From the Mossbauer study it was found that the av¬ 
erage hyperfine fields and the deduced Fe moment decrease 
with increasing Mn content. The variation of the IS due to 
Mn substitution is mainly due to size effects; electron trans¬ 
fers seem to be of minor importance. 
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The combined hyperfine interaction of mercury in a hexagonal close-packed cobalt single crystal 
was measured using the e~-y perturbed angular correlation technique with the 197 Hg and 199 Hg 
probes, without applied magnetic field. The magnetic and quadrupole coupling constants of the 5/2“ 
levels in both 197 Hg and 199 Hg were measured with extremely high precision, w L ( !97 Hg)=951(9) 
Mrad/s, co L ( 199 Hg)=1039(10) Mrad/s, v Q ( 197 Hg)=3.7(5) MHz and v ? ( ,99 Hg)=32(2) MHz. 
Using the well-known g factors and quadrupole moments of the respective levels, the magnetic 
hyperfine field, |/7/,/(HgCo)|=581(12) kG, and the electric field gradient, |V rr (HgCo)| 
=2.0(3) X10 17 V/cm 2 , were derived. The importance of using these hyperfine probes for studying 
the microscopic structure of cobalt-based multilayers is introduced and discussed. 


I. INTRODUCTION 

The potential applications of the giant magnetoresistance 
effect in recent years led to a considerable interest of mag¬ 
netic multilayers consisting of a magnetic material, usually 
cobalt, separated by a thin nonmagnetic spacer. The optimi¬ 
zation of the effect depends on the thickness, structure, and 
interface properties of the spacer and Co layers. Using the 
in Cd nucleus from the decay of iu ln as a probe implanted in 
Co/Re and Co/Cu multilayers, 1,2 the perturbed angular cor¬ 
relation (PAC) technique proved to be sensitive for the mi¬ 
croscopic characterization of structural and point defects, 
phases, and interfaces in magnetic multilayers. The applica¬ 
tion of this technique is, however, limited to suitable probes 
In the present work, it is shown that the 197m Hg and 199m Hg 
isotopes are appropriate for these studies: the hyperfine fields 
are higher and the substitutional fraction of Hg implanted in 
Co is a factor of three higher than in the Cd case, with no 
need to perform annealing treatments after the implantation. 

The magnetic hyperfine interaction of Hg in Co has been 
previously studied by Krien and co-workers. 3 Their measure¬ 
ment could not, however, explain if the Hg atoms are at 
different sites in the Co lattice or if a combined hyperfine 
interaction is responsible for the observed modulation, since 
a quadrupole interaction is expected for the Co hexagonal 
close-packed (hep) phase. To clarify this problem, new re¬ 
sults are reported here, using the e“-y PAC technique with 
the 197m Hg and 199m Hg isotopes, in a Co single crystal. The 
lattice site location of the Hg atoms has also been studied by 
a high precision channeling experiment performed after the 
radioactive decay on the same sample. 


II. EXPERIMENTAL DETAILS 

The 197m Hg and 199m Hg isotopes were implanted into a 
Co single crystal at 60 keV, using the ISOLDE facility at 
CERN, to doses of 5X10 13 and 5X10 12 at./cm\ respectively. 
The mean-Hg range profile value is 11 nm. 


‘'Current address. PPE Division, CERN, CH-1211 Geneva. Switzerland. 


The PAC experiments were performed using the 165— 
134 keV cascade from the decay of the 23.8-h isomeric state 
of 197 Hg, and the 374-158 keV cascade from the decay of 
the 43-min isomeric state of I99 Hg. The first transitions in 
these cascades are strongly converted, a t (165 keV, 
197 Hg)=173 and a K (374 keV, 199 Hg)=3.5, which makes 
them ideal for e~-y measurements. The calculated anisotro¬ 
pies are 6 2 A 22 ( 197 Hg)=0.213 and M 22 ( I99 Hg)=0.235 4 

The experimental setup consists of two magnetic /? 
spectrometers of the Siegbahn type 5 for detection of conver¬ 
sion electrons and two BaF 2 scintillators for y detection, 
arranged in a plane. Each lens makes 90° with one y detector 
and 180° with the other. The time resolution (FWHM) 
of the setup for the I97m Hg and l99m Hg cascades was 1.0 ns. 
Four coincidence spectra were recorded, corresponding 
to the combinations of each magnetic lens with a y 
detector. From these spectra the usual time differential 
anisotropy R(t) = 2 [A(180°, r)-A(90°,0]/[/V(180°,0 
+ 2 JV(90°,r)] was calculated. 

The theoretical R(t) function was calculated numerically 
taking into account the full Hamiltonian for a combined hy¬ 
perfine interaction, as described by Barradas and 
co-workers. 6 In the calculation, independent fractions /, of 
probe nuclei were considered, each experiencing a Larmor 
frequency, a> L = - gfi N H hf /fi and a quadrupole frequency, 
VQ=eQV z Jh. H h f is the magnetic hyperfine field and V zz is 
the main component of the electric field gradient (EFG) ten¬ 
sor at the nucleus. Q and g are, respectively, the quadrupole 
moment and g factor of the 7=5/2 intermediate state of the 
cascade. For 197 Hg and I99 Hg these parameters are well 
known, Q sa - ( 197 Hg)=0.057(7) b, Q 5/2 -( m Hg)=0.674(77) 
b, 7,8 g 5 / 2 -( 197 Hg)=0.342(6), and g 5/2 -( 199 Hg)=0.352(13). 9 
Lattice imperfections, impurities, or defects cause a damping 
of the R(t) function, described by a Lorentzian distribution 
with relative width S, centered at a given to L . 

No external magnetic field was necessary to orient the 
magnetic domains, since below 525 K the spins of the hep 
Co lattice are aligned along the c axis. This is also the direc¬ 
tion of the main component of the EFG tensor. For each 
isotope, experiments were performed on two complementary 
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FIG. 1. Anisotropy ratios obtained with 197 Hg for (a) single crystal with c 
axis on the detectors’ plane at 45°; (b) with c axis perpendicular to the 
detectors’ plane. 

geometries. In geometry G1 the c axis of the Co-single crys¬ 
tal lies on the detectors’ plane at an angle of 45° with the 
detectors, and in geometry G2 it is perpendicular to that 
plane. For a collinear interaction, only the <o L ±2a> 0 and 
2o) l ± Wo frequencies (w 0 =37t.u g / 10) have observable ampli¬ 
tudes in geometries G1 and G2, respectively. 

Complementary RBS/channeling experiments were car¬ 
ried out after the 197m Hg decay in the channeling line of the 
2.5-MeV Van de Graaff of INETI, Sacavem, using a 1.6- 
MeV He + beam. The backscattered particles were detected at 
angles of 140° and 180° using two silicon surface barrier 
detectors with resolutions of 13 and 18 keV, respectively. 

III. RESULTS 

Figures 1(a) and 1(b) show the anisotropy ratios R(t) 
obtained with the Wm Hg implanted sample in geometries G1 
and G2, respectively. The measmements have been per¬ 
formed at room temperature. Assuming the Hg ions are sub¬ 
stitutional in the Co lattice they would experience only one 
combined interaction, described by a theoretically predicted 
modulation. However, to obtain a satisfactory least-squares 
fit to both geometries, it was necessary to consider that the 
Hg atoms are located in three nonequivalent Co lattice sites. 
The results are shown in Table I. Parameter f x gives the 
percentage of Hg atoms described by a theoretical function 


TABLE I. l97 H gCo fit parameters. 



Fraction 

(%) 

(Mrad/s) 

S 

v e (MHz) 

A 

33(3) 

951(9) 

0 

3.7(5) 

fl 

38(3) 

951(9) 

0.12(2) 

3.7(5) 

fi 

29(3) 

300(30) 

0.5(1) 
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FIG. 2. Anisotropy ratios obtained with 199 Hg for (a) single crystal with c 
axis on the detectors’ plane at 45°; (b) with c axis perpendicular to the 
detectors’ plane. 


assuming well-defined magnetic and electric frequencies. Pa¬ 
rameter f 2 corresponds to Kg atoms characterized by the 
same values for the frequencies, but with a small Lorentzian 
distribution on the magnetic frequency. The remaining Hg 
atoms are described by a strongly damped frequency distri¬ 
bution, characterized by a large value of S. 

Figures 2(a) and 2(b) show the corresponding anisotropy 
ratios, R(t), obtained with the 199m Hg implanted sample. 
Again, it was necessary to consider three fractions of Hg 
atoms in the Co lattice. The results are shown in Table II. 

Figure 3 shows the angular scans obtained for the (0001) 
plane (c plane) and for the (1120) and (1010) axes along that 
plane. From the minimum yields of the Hg and Co signals, a 
fraction of 70% of Hg atoms in regular positions in the Co 
single crystal is obtained. The slight narrowing of the Hg 
signal, clearly seen in the (0001) plane and in the (1010) 
axis, indicates a fraction of Hg ions deviated from the sub¬ 
stitutional positions. The continuous line in Fig. 3 is a Monte 
Carlo simulation of these scans, using a modified version of 
the FLUX program, 10 assuming a 50% substitutional frac¬ 
tion, a 20% slightly deviated fraction, and a 30% random 
fraction. The errors in the determination of these fractions 
are of the order of 10%. 


TABLE II. 199 HgCo fit parameters. 



Fraction 

{%) 

"z 

(Mrad/s) 

S 

V Q 

(MHz) 

A 

53(3) 


■mm 

32(2) 

A 

29(3) 

it 1 Hi 


32(2) 

A 

18(3) 

510(40) 

0.6(1) 
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FIG. 3. Channeling scans for the (0001) plane and the (1120) and <1010) 
axes along that plane. The continuous line is a Monte Carlo simulation. 


IV. DISCUSSION AND CONCLUSIONS 

The PAC experiments show the surprising result that 
about 75% of the implanted probe atoms (fractions /, and / 2 ) 
stop at regular sites, and the channeling experiment proves 
that the Hg atoms are substitutionally located in the Co ma¬ 
trix. The observed frequency distribution of fraction / 2 is 
small and the modulation could be followed for about eight 
half-lives of the intermediate state of the cascades. This is 
due to the fact that the magnetic coupling constant is much 
higher than the quadrupole coupling constant. 

Although the quadrupole coupling constants are very 
small, as a consequence of the small deviation for Co of the 
c/a=1.6228 ratio from the ideal value (c/a=1.633), in this 
work they were derived very accurately: v Q 
( 197 HgCo)=3.7(5) MHz and v Q ( 199 HgCo)=32(2) MHz. 
From the value of u 0 ( 199 Hg Co) and the co; responding quad¬ 
rupole moment, the derived EFG is |V„(Hg 
Co)|=2.0(3) X10 17 V/cm 2 . According to known trends 11 its 
sign should be negative. In Ref. 3, the ionic EFG produced 
by the Co ions at the Hg-probe nucleus has been calculated 
as V™=+1.14X10 17 V/cm 2 . The enhancement of the ionic 
EFG by the conduction electrons is usually described by a 
factor K, as V„-(l -K) V£ n . For the present case we de¬ 
duce K= 2.8 which is of the same order as for most cases. 
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An important result of this work is the derivation of a 
more precise value for the magnetic hyperfine coupling con¬ 
stant measured by the Larmor frequency o> t ( 197 Hg 
Co)=951(9) Mrad/s. Due to the high statistics obtained in 
these measurements, the errors in the magnetic frequencies 
are limited only by the 1% uncertainty of the time calibra¬ 
tion. Using the known g factor, g 5/2 -( 197 Hg)=0.342(6), 9 the 
derived magnetic hyperfine field is |7//,/(HgCo)|=581(12) 
kG, which fits very well in the systematic of hyperfine fields 
in Co. 12 

In conclusion, the 197 Hg and 199 Hg are very attractive 
probes for the study of Co-based structures using the PAC 
technique, due to the high substitutionality in Co achieved 
after implantation at room temperature. Additionally, the 
availability of two isotopes with quadrupole moments differ¬ 
ing by one order of magnitude allows a great flexibility for 
the study of EFGs. Since the EFGs at the Hg site in the 
interfaces, or at the Co site with trapped defects or impuri¬ 
ties, are normally much higher than the EFG of Hg in Co, a 
large range of values can be measured selecting the appro¬ 
priate probe, 197 Hg or 199 Hg, for the high or low range of 
EFGs. These advantages are currently being explored at 
ISOLDE/CERN due to the high yields for the production of 
these isotopes. 
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Simulation of nuclear magnetic resonance spin echoes using the Bloch 
equation: Influence of magnetic field inhomogeneities 

J. A. Nyenhuis and 0. P. Yee 

School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907 

There are a number of low cost nuclear magnetic resonance (NMR) applications that are based on 
measurements of spin-spin ( T 2 ) and spin-lattice (T,) relaxation times. Pulsed rf magnetic fields are 
typically used to flip the nuclear spins in these measurements. The ability to perform these 
measurements in relatively nonuniform magnetic fields is a factor in minimizing costs. In this work, 
we explore the limitations of field inhomogeneity on spin echo techniques for measuring relaxation 
times. Using a computer model that was developed for this study, we numerically integrate the 
Bloch equation to simulate spin echo peaks for CPMG and other pulse sequences. We quantify how 
higher intensity rf pulses result in • .creased amplitudes of spin echo peaks in an inhomogeneous 
static magnetic field. An rf amplitude which is five times the maximum inhomogeneity in the static 
field results in less than 0.5% attenuation between even numbered peaks in a CPMG sequence. 


I. INTRODUCTION 

Numerous applications of nuclear magnetic resonance 
(NMR) have been developed; for example, it has been pro¬ 
posed that NMR be used to sort fruits and vegetables, 1 to 
measure the percentage of saturated fats in vegetable oils, 2 
and for the early detection of osteoporosis in humans. 3 

NMR techniques have several advantages over other 
methods of experimental analysis; they are neither destruc¬ 
tive nor invasive to the sample under study. Ultimately, how¬ 
ever, it is cost and not these advantages, which will deter¬ 
mine whether NMR can compete with experimental methods 
already in place. A major factor affecting the cost of a NMR 
system is the magnet. Magnets that produce highly uniform 
magnetic fields are difficult to manufacture and, correspond¬ 
ingly, are expensive. 

This paper investigates the effects of nonuniform mag¬ 
netic fields on spin echo techniques for measuring relaxation 
times. We seek to answer the question: how uniform must the 
fields be in order to achieve good measurements? 


II. SIMULATION MODEL 

A computer model, written in FORTRAN, of NMR phe¬ 
nomena was developed for this study. The assumptions made 
in this model are (1) a one-dimensional model is used, (2) 
the sample is magnetically homogeneous, (3) the applied rf 
fields are uniform across the sample, and (4) diffusion effects 
are ignored. These assumptions are made in order to isolate 
the effects of nonuniform magnetic fields and are not limita¬ 
tions of the computer model. 

In the simulation model the sample is divided into re¬ 
gions of magnetization = y ,M 2 ), which represent 
the vector sum of all magnetic moments in the region. 

The number of regions used in the simulations was 2499, 
although a choice as low as 99 regions would yield compa¬ 
rable results. For a sufficiently large number of regions, the 
solutions are basically independent of the number of regions, 
because the magnetization in each region is independent of 
that in another region; however, if diffusion is included in the 
model, magnetization in one region is coupled to adjoining 
regions, and the accuracy of solutions improves by increas¬ 
ing the number of regions. The number of regions chosen 


must be large enough, however, to obtain a good sampling of 
the dephased spins in an inhomogeneous magnetic field. 

An rf field of carrier frequency « 0 with only x and y 
components is assumed: h lf =(h x ,h y ). The static field is as¬ 
sumed to lie in the z direction and has an amplitude 
H 0 +\H ,, where H 0 =to 0 /y, with y being the nuclear gyro- 
magnetic constant. H 0 is thus the field for which the reso¬ 
nance frequency is equal to the rf frequency and A H, ac¬ 
counts for inhomogeneity in the static field. 

The time evolution of each region’s M, in response to 
the static and rf magnetic fields is given by the Bloch equa¬ 
tion 

dM, . M x , „ Af v , . 

— = y{M,X [(// 0 + A//,)z+h rf ]}- 

M z ,,-M 0 , . 

- r -z. (1) 

1 i,i 

where M 0 , is the saturation magnetization in the presence of 
the static field. 

In Eq. (1), the subscript i indicates that the Bloch equa¬ 
tion is applied separately to each region in the sample. 

The normalized magnetization in a region is expressed 
as mj=M 1 /A/ 0> „ where M 0 , is the saturation magnetization 
in that region. Magnetic fields are normalized to the value of 
static field for which the nuclear spins have resonance fre¬ 
quency ai 0 , e.g., h rf =h rf /// 0 . Time is normalized to cycles of 
the rf field, e.g., 7= o> 0 r/(27r). 

Transforming Eq. (1) into a coordinate frame 4 that ro¬ 
tates at the rf field frequency « 0 , and letting 
= A//,///<), the normalized Bloch equation in component 
form for each region is 

dtn Xtl . . m x> , 

dt *i,i 


—— = 2 7 r(h x m Zi , - H eff ,,m 
dt * 2,1 


dm Zil _ _ n h,i~ 1 

—— = 2 7 T{h yi m XJ - h x ,,m yi ) r 
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FIG. 1. rf pulse sequence used in the spin echo simulations. 


The Bloch equation is now in the form of three first-order 
differential equations that are solved numerically for each 
region in the sample. The simulations implement the fourth- 
order Runge-Kutta method with a step time of five cycles of 
the rf field. This step time was chosen because it was a large 
enough step that excessive computing time was not required 
and at the same time the solutions would converge to five 
decimal places. 

For the case when the rf signal is turned off, simple 
closed form expressions 5 for the magnetization components 
exist, which reduces the computational time of the simula¬ 
tions. 

After each time step in the simulation, the transverse 
magnetization components, m x i and m y ,, are summed vec- 
torially over all the regions in the sample. The receiver coils 
in a NMR system will detect signals proportional to the 
transverse magnetization of the sample. The receiver flux, 
normalized to the maximum possible value when all the 
spins are in phase, is then 

Normalized receiver response 



III. SIMULATION RESULTS AND DISCUSSION 

The rf pulse sequence used in the simulations is shown 
in Fig. 1. A 90° rf pulse cants the nuclear magnetization from 
the z direction into the transverse plane. 180° pulses are used 
to generate the spin echoes, which result from refocusing of 


the spins after the 180° pulse. The 90° rf pulse is taken to be 
in the x direction in the rotating frame. For a 
Carr-Purcell-Meiboom-Gill 6 (CPMG) pulse sequence, the 
180° pulses are in the y direction, while they are in the x 
direction for a Carr-Purcell 7 (CP) pulse sequence. With the 
180° pulses depicted, spin echoes occur near times 2r, 4 r, 
6r, and 8r. Amplitude /i rf and durations f 90 and f 180 of the 
rectangular rf pulses were varied for different simulations. 
From Eq. (2), it can be shown that for a 90° flip f 90 = l/4/i rf 
and 7’] 80 = 27’ 90 . 

A linear inhomogeneity was assumed for the simulation 
results presented here: 

Atf,=A tf max x,/L -LtZx.^L. (4) 

For the results presented here, the normalized inhomogeneity 
was 5X10 -4 , i.e., 500 ppm. This inho- 



(a) t (cycles of RF field) 



t (cycles of RF field) 


FIG. 2. Effect of rf amplitude on spin echo amplitudes^ A CPMG if pulse 
sequence was used for a linear inhomogencity with A// mlx =5(X) ppm and 
t=2500 cycles. 7' L =7' 2 = 10 12 cycles of rf field in the model, (a) 
/i, f =2.5xl0 J and 7’ 1#0 =27' 90 = 20 0 cycles. Response peaks are 0.9933, 
0.9873, 0.9985, 0.9873, and 0.9946. (b) fi ri =10" 3 and r 18O =500 cycles of 
rf field. Response peaks are 0.9610, 0.9260, 0.9590, 0.9087, and 0.9236. 
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FIG. 3. Effect of using CP rf pulse sequence on spin echo simulations, rf 
pulse amplitude A, ( =2.5X10" 3 (f 90 =100 cycles of rf field) and a linear 
inhomogeneity with A// m „=500 ppm was used. r= 2500 cycles and 
f\ = fi = 10 u cycles of rf field. Response peaks are 0.9933, 0,9864,0.9514, 
0.8905, and 0.8195. 


mogeneity is of the order of magnitude that is experienced in 
low cost NMR applications. However, spectrometers and 
medical imagers use magnets with much better homogeneity. 
The normalized relaxation times f , and T 2 were arbitrarily 
set to a large value of 10 12 cycles. With the effects of nuclear 
relaxation essentially removed from the calculations, we 
could focus on the effects of inhomogeneity in the static field 
on the spin echo response. 

In Fig. 2, we evaluate the effect of rf amplitude on the 
echo peaks for a CPMG sequence. In Fig. 2(a) a rf field with 
amplitude ft rf =2.5Xl(T 3 is used, which results in a normal¬ 
ized duration ri 80 = 20 0 cycles. As is expected for the 
CPMG pulse sequence, even echo peaks have the greatest 
height, and the fourth peak in the sequence has normalized 
amplitude 0.9946. In Fig. 2(b), the rf field amplitude has 
been reduced to h tf = 10 -3 , and the 180° pulse has a duration 
of 500 cycles. Compared to the case for A rf =2.5X10~ 3 , the 
echo peaks have a smaller amplitude, with the fourth peak 
having an amplitude of 0.9236. 

The reduction between even numbered peaks in a spin 
echo sequence is used to determine T 2 in a CPMG sequence: 
normalized receiver response «exp(-f/T 2 ). For an accurate 
Ti measurement, we would like the attenuation, due to mag¬ 
netic field inhomogeneity, between even peaks to be much 
less than the attenuation due to spin-spin relaxation. For Fig. 
2(a), the reduction in signal between the even peaks corre¬ 
sponds to an effective spin-spin relaxation time r 2eff of 
2.6X10 6 cycles, whereas in Fig. 2(b) f 2ef{ is 0.27X10 6 
cycles. Thus, the higher intensity rf field results in a more 
accurate T 2 measurement. Less effect of the inhomogeneity 
could also be achieved by increasing r. For instance, increas¬ 
ing r to 5000 cycles, but maintaining the other conditions of 


Fig. 2(a), results in f 2eff of 6.2X10 6 cycles. For 7=7000 
cycles, T, e£f =8.5 XI 0 s and for 7=9000 cycles, f 2eff 
=10.6x10 s . 

An intuitive argument can be made to explain why 
shorter (i.e., higher intensity) rf pulses result in higher echo 
peaks in a CPMG sequence. With inhomogeneity in the static 
field, nuclear spins will have precession frequencies different 
from the frequency of the rotating rf field. Assume that the 
direction of the rf field is fixed in the rotating frame. The 
azimuthal angle of the nuclear magnetization will rotate at 
frequency A tu= yA H t with respect to the direction of the rf 
field. Let A 4> lS0 represent the change in angle during the 
180° pulse between the rf field and the transverse component 
of nuclear magnetization: 

^^180 = ^ w ^180 = yA// m a X 7’l80 

= 277A// max 7’ 180 ; =7rA// max M rf . (5) 

If there is significant change in angle between the rf field and 
the nuclear spins during a rf pulse, the flip angle will not 
have the desired value. For spin echo peaks with maximal 
value, we thus expect A<£ 180 <§1. For A rf =2.5X10~ 3 in Fig. 
2(a), A$ 180 =0.63 and for ^ rf =10“ 3 in Fig. 2(b), 
A$i8o = l-57. 

Figure 3 shows a spin echo sequence using the same 
conditions as in Fig. 2(a), except that both the 90° and 180° 
pulses are in the x direction. For this CP sequence, the echo 
peaks progressively decrease in amplitude, with the fourth 
peak having an amplitude of 0.8195. Comparison of Figs. 
2(a) and 3 clearly shows the advantage of the CPMG over 
the CP sequence in an inhomogeneous field. In the CMPG 
sequence, deviations from the ideal flip between successive 
180° pulses are partially compensated, whereas errors in flip 
angle accumulate in the CP sequence. 8 

The CPMG sequence is forgiving of imperfections in rf 
pulse duration. The parameters of Fig. 2(a) were maintained, 
but Jqo and T m were independently made 10% too long. 
The amplitudes of the fourth echo peaks were then respec¬ 
tively 0.9829 and 0.9840, only slightly less than those shown 
in Fig. 2(a). 

ACKNOWLEDGMENTS 

We thank the U.S. Department of Energy, the Southeast¬ 
ern Egg and Poultry Association, and the National Live 
Stock and Meat Board for financial support. We also thank J. 
Marks, M. Morgan, D. Rellinger, J. Schmidt, R. Stroshine, 
and W. Wai for fruitful discussions. 

'S. I. Cho, G. W. Krutz, H. G. Gibson, and K. Haghighi, Trans. ASAE 33, 
1043 (1990). 

2 F. D. Gunstone, J. Am. Oil Chem. Soc. 70, 361 (1993). 

3 C. E. Brown J. H. Battocletti, R. Srinivasas, J. R. Allaway, J. Moore, and 
P. Sigmann, Cun. Chem. 34, 1431 (1988). 

4 T. C. Farrar anu E. D Becker, Pulse and Fourier Transform NMR (Aca¬ 
demic, New York, 1971), p. 9. 

5 P. Meakin and J. P. Jesson, J. Magn. Res. 10, 290 (1973). 

6 H. Y. Carr and E. M. Purcell, Phys. Rev 94, 630 (1954). 

7 S. Meiboom and D. Gill, Rev. Sci. Instrum. 29, 688 (1958). 

8 T. C. Farrar and E. D. Becker, Pulse and Fourier Transform NMR (Aca¬ 
demic, New York, 1971), p. 27. 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


J. A Nyenhuis and O. P. Yee 6911 




Correlation of magneto-volume effects and local properties 
of the Fe 2 Ti-laves phase (abstract) 
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Laboratorium fur Angewandte Physik, Universitat Duisburg, D-47048 Duisburg, Germany 

Magneto-volume effects have been calculated 1 and shown to exist 2,3 in Fe 2 Ti alloys. Since 
Mossbauer spectroscopy provides insight into local magnetic properties we have performed such 
measurements in the temperature range 4.2 K<T<800 in B ext =0 and =A0 on Fe 2+jr Ti. . powder 
samples with x = - 0.05 to +0.1. The spectra of Fe 2 Ti at 4.2 K show two subspectra, one belonging 
to the antiferromagnetically coupled 6h sites, and the other one to the paramagnetic 2 a sites, in 
agreement with Ref. 4. A detailed analysis shows that the electric field gradient of the 6/i sites 
changes in sign and value when going from the antiferromagnetic to the paramagnetic state at 310 

K. Moreover, the isomer shift values of the twc sites are found to be different at 4.2 K, while they 
are equal above 310 K. Both changes suggest a change in the local electronic band structure between 
the paramagnetic and antiferromagnetic states. An increase of the linewidth is observable in the 
temperature region of 200 K<r<310 K that could be caused by a distribution of hyperfine fields 
on the 6 h sites or by spin fluctuations during the lifetime of the excited state of the Mossbauer 
nucleus. Forx>0 and 4.2 K, an additional magnetically split subspectrum appears that is associated 
with 6 h sites and neighboring Fe antisite atoms. For x<0 the spectra are similar to those of Fe 2 Ti. 
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Giant magnetoresislance (GMR) effects are observed in several classes of bulk magnetic materials. 

The resistance changes at metamagnetic transitions connected with reorientation of 4/ moments are 
only moderate due to the relatively weak coupling of the 4/ and conduction electrons. Much larger 
GMR effects can be achieved by mechanisms involving the d states (RhFe, RC o 2 ), though the most 
spectacular resistance variations are connected with metamagnetic transitions in U-intermetallic 
antiferromagnets. This phenomenon can be interpreted as due to Fermi surface gapping (due to 
magnetic superzones) and/or due to spin-dependent scattering in analogy with magnetic multilayers. 


I. INTRODUCTION 

During the dramatic development in the research of 
magnetic multilayers, the magnetoresistance has become one 
of the frequently reported quantities. This originated by the 
discovery a large (“giant”) magnetoresistance (GMR) in 
Fe/Cr multilayers. 1 Since then, further multilayer systems ex¬ 
hibiting GMR have been reported. One of the most impres¬ 
sive effects has been observed in Co/Cu multilayers, in 
which the electrical resistivity at low temperatures is reduced 
in magnetic field to half of its zero-field value. 2 The strong 
interest in GMR effects is closely connected with promising 
industrial applications in magnetoresistive reading heads and 
similar elements. 

Magnetic multilayers are artificial superlattices in which 
the layers of atoms carrying magnetic moments are separated 
by nonmagnetic layers. The nonmagnetic layers mediate ex¬ 
change interactions between the magnetic ones. In systems 
exhibiting GMR, these exchange interactions are, as a rule, 
antiferromagnetic. As a result we obtain antiparallel inter¬ 
layer coupling. These exchange interactions are relatively 
weak and can be easily overcome by magnetic field and a 
ferromagnetic alignment of spins can be achieved in a rela¬ 
tively low field. A pronounced reduction of the electrical 
resistivity can be observed due to this transition, because the 
resistance in the ferromagnetic aligned is much smaller than 
in the antiferromagnetic case. The occurrence of GMR ef¬ 
fects in multilayer systems is usually ascribed to the spin- 
dependent scattering. 3 

Magnetic-field-induced transitions in antiferromagnets 
have been studied in bulk materials for decades. These tran¬ 
sitions are called metamagnetic in analogy to the metastahle 
(metamagnetic) state which sets in above the critical field. 
They take place in a magnetic field sutfi.'ient to overcome 
the antiferromagne c interactions and to modify the mag¬ 
netic structure. The modification of the magnetic structure is 
frequently connected with a change of the translational sym¬ 
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metry md is usually accompanied by a noticeable change of 
the electrical resistivity. 

Another type of metamagnetic transition, which is also 
reflected in the electrical resistivity, can be found in itinerant 
electron materials, which are close to a magnetic instability. 
This class of materials can be well represented by the RC o 2 
compounds (R= rare-earth metal). Here a sufficiently large 
magnetic field can induce magnetic moment on Co sites 4,5 
and, simultaneously, the system undergoes a transition from 
the paramagnetic to a magnetically ordered state. 

Note that the magnetoresistance is usually defined by the 
expression 

Ap/p = [p(T,//)-p(7',0)]/p(7',0), (1) 

where p(T,H) and p(T,0) are the resistivities at a given 

temperature in the actual and zero magnetic field, respec¬ 
tively. For the transition from the antiferromagnetic to the 
ferromagnetically aligned state with the resistivities p Af and 
p F , respectively: 

A p/p~(pAF~ Pf)IPaf ■ (2) 

In the multilayer research it is customary to use a modified 
expression: 

Ap/P={PAF-Pf}/Pf> (3) 

which provides naturally much more spectacular values. Un¬ 
less especially mentioned, we will use the representations (1) 
and (2). 

Here, we review the magnetoresistance effects in differ¬ 
ent classes of bulk magnetic materials with a special empha¬ 
sis on single-crystal data available only very recently for 
lower symmetry materials. We want to demonstrate that the 
GMR effects are frequently observed especially in 5/ elec¬ 
tron intermetallics and discuss the origin of these phenom¬ 
ena. We will discuss also required model parameters of an 
intermetailic system to achieve GMR effects at conditions 
desirable for practical applications. 
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II. RESISTANCE IN METALLIC SYSTEMS 


For simplicity, the resistance in metallic systems can be 
discussed as due to independent scattering mechanism (i.e., 
supposing the validity of the Mathiessen’s rule): 

P=Po+P e —r.-l Pspd- ( 4 ) 

Both the temperature independent term p 0 due to crystal 
structure imperfections and the electron-phonon scattering 
term p e . p are present in all materials. In magnetic materials 
the scattering of conduction electrons on magnetic moments 
should be taken into account. This is reflected in the spin- 
disorder resistivity term p spd . In the paramagnetic range, 
where the magnetic correlations are absent, electrons are 
scattered on entirely disordered magnetic moments. The 
spin-disorder resistivity originates in the exchange interac¬ 
tions acting on the conduction-electron spin and scales there¬ 
fore with the De Gennes factor (g— l) 2 J(J+ 1) and with the 
square of the coupling parameter j?. 6 For a system with 
stable magnetic moments, p spd is constant above the mag¬ 
netic ordering temperature. In ferromagnets below T c , p spd 
decreases with temperature in a way characteristic for the 
type of magnetic excitation in a particular system. Finally, it 
should vanish in the low temperature limit. For low tempera¬ 
tures, a quadratic temperature dependence of p spd can be 
derived 7,8 and is frequently observed experimentally. 

The situation is less clear in antiferromagnets, in which 
the magnetic periodicity can be different from the crystallo¬ 
graphic one. This leads to creation of new Brillouin zone 
boundaries (superzone boundaries) and, consequently, gaps 
can appear on the Fermi surface. In this case, the effective 
number of charge carriers is reduced leading to initial in¬ 
crease of the resistivity with decreasing temperature below 
the Neel temperature T N . 9 Such effect can be found both in 
itinerant antiferromagnets 10 and in rare-earth local-moment 
systems. 9 The resistivity can be described as 


Po + Pe-p + Pspd 

l-gm(T) 


( 5 ) 


where m(T) is a normalized sublattice (staggered) magneti¬ 
zation. The truncation parameter g characterizes the effective 
reduction of the number of conduction electrons as a conse¬ 
quence of the Fermi level gapping. It is evident that this 
factor enhances the resistivity even in the low temperature 
limit. The difference between p P (resistance in the ferromag¬ 
netic state) and p AF (resistance in the antiferromagnetic 
state) depends on the width of the gap in the electron energy 
spectrum, which scales with the exchange coupling param¬ 
eter Therefore, the magnetoresistance effect connected 
with the metamagnetic transition (between the antiferromag¬ 
netic state and the state with “ferromagnetically” aligned 
magnetic moments) should scale approximately with p spi , 
which is governed by similar parameters. 

In compounds based on regular rare-earth metals, the 
p spd values are, however, rather modest despite large ionic 
magnetic moments. The reason is apparently a weak cou¬ 
pling of the conduction electron spin and the ionic spin mo¬ 
ment 5. Much larger p spd values can be expected in materials 
where a strong coupling can be expected. This situation is 



B (T) 


FIG. 1. (a) Magnetization and (b) transversal magnctoresistance vs magnetic 
field applied along the b a> is measured on NdCu 2 single crystal at 2 K (data 
taken from Ref. 11). 


likely in actinide and transition metal intermetallic com¬ 
pounds, as will be demonstrated on several examples. 

III. EXAMPLES OF GMR IN BULK MATERIALS 

As an example of one of the largest magnetoresistance 
effects in regular-rare-earth intermetallic compounds, we 
show in Fig. 1 the magnetoresistance of NdCu 2 which is 
antiferromagnetic below 6.3 K.’ 1 ' 12 By applying the mag¬ 
netic field along the b axis two metamagnetic transitions can 
be induced leading to a step-wise increase of the magnetiza¬ 
tion in s0.6 and =2.8 T. Both transitions are associated with 
pronounced changes of the resistance leading to A p/p 
= -10% in 3 T. The increase of Ap/p with the approaching 
critical field can be attributed to the enhanced scattering due 
to intersite fluctuations. 13,14 

The large magnetoresistance changes in NdCu 2 are con¬ 
fined to very low temperatures because of the low value of 
T n . Therefore, SmMn 2 Ge 2 , which is antiferromagnetic be¬ 
tween slOO and 150 K and ferromagnetic outside this 
range, 15,16 might be more attractive for applications. The 
transition from the antiferromagnetic state to a low- 
resistance ferro-state can be induced by moderate fields (be¬ 
low 1 T), but the reduction of the resistivity does not exceed 
10 %. 

A similar situation can be found in Ce(Fei_ x Co x ) 2 , with 
~10% cobalt substitution. This material first becomes ferro¬ 
magnetic below —180 K, and with further lowering tempera¬ 
ture a transition to the low-temperature antiferromagnetic 
state appears at =80 K. 17,18 This transition manifests in a 
dramatic increase of the electrical resistivity. 19 The ferro¬ 
magnetic (and presumably the low-resistance) state can be 
then recovered by application of a sufficient magnetic field. 19 
Similar loss of ferromagnetism at low temperatures can also 
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FIG. 2. Temperature dependence of the electrical resistivity in HoCo 2 in 
several magnetic fields (see Ref. 4). 

be observed for small substitutions of Fe (in CeFe 2 ) by Al, 20 
Si, 21 Ru, Ir, and Os, 22 which could also lead to large magne¬ 
toresistance. 

Significantly larger effects can be observed in materials, 
where the external magnetic field assists in the stabilization 
of magnetic moments. This situation can be followed, e.g., in 
RC o 2 compounds. For some rare earths, the Co moments are 
formed from the highly susceptible matrix of the 3 d states by 
the concerted action of ordered rare earth moments at the 
Curie temperature T c , which thus becomes a first order tran¬ 
sition. Above T c , the large resistivity is affected not only by 
disordered rare-earth moments, but the strong spin- 
fluctuations in the Co 3£/-electron subsystem contribute, as 
well. The electron-spin fluctuation scattering is removed in 
the transition by a sudden drop of a considerable absolute 
value (e.g., s80 fdl cm in DyCo 2 and HoCo 2 ). 4,5,23 The ef¬ 
fect of exchange fields of the 4/ subsystem on the 3d one 
can be naturally assisted by the external magnetic field, 
which shifts the transition towards higher temperatures. 
Thus, for a particular temperature from a limited range above 
T c , the resistivity can be reduced drastically. A typical ex¬ 
ample of HoCo 2 can be seen in Fig. 2. Qualitatively similar 
behavior also occurs in DyCo 2 , ErCo 2 , and TmCo 2 . 4,5,23 Al¬ 
though present in compounds containing rare earths, the ef¬ 
fect is clearly due to the onset of 3d magnetism in this case. 

There are also purely d systems with a large magnetore¬ 
sistance. One case known for many years is the equiatomic 
ordered FeRh compound. 24 It is antiferromagnetic below 340 
K, where it undergoes a transition to the ferromagnetic state. 
At lower temperatures, the ferro-state can be achieved i. the 
magnetic field, which increases from 0 T at 340 K to about 
30 T at 4.2 K (the critical field is 4 T at room temperature). 
As the resistivity increases strongly at 340 K due to the 
F—>AF transition, the suppression of antiferromagnetism in 
the field leads to a dramatic reduction of the resistivity. As 
the residual resistivity in the ferromagnetic state can be 
rather small, the relative drop of its value is largest—by the 
factor of 20—in the low temperature limit (Ap=20 pdl cm). 
Recent calculations 25 yield the electron structure in both 
phases. The Fe atoms display local moments of =3fi B , 
while the Rh local moments are zero in the antiferromagnetic 
configuration and 1/j, b for the ferromagnetic configuration. 
This means that the Rh magnetic moment is induced by the 



FIG. 3. Temperature dependence of the electrical resistivity in the UNiGa 
single crystal for i||c and iJLc. For i||c also results measured in 2 and 14 T 
(B||c) are displayed. 


AF-*F transition similar to the onset of the Co magnetic 
moment at the ordering temperature in some RC o 2 com¬ 
pounds. Then both the spin-flip transition of Fe magnetic 
moments and the onset of Rh magnetism can be accounted 
for by the large magnetoresistance change in FeRh. Large 
magnetoresistance changes accompanying the magnetic- 
phase transitions in the transition metal sublattice have also 
been observed in the La(Fe jr Al 1 _ x ) 13 system. 26 

Much larger MR effects occur in systems with uranium, 
a most thoroughly studied light actinide. We will review 
some experimental data on VTX compounds, which are 
formed in several types of crystal structures. The compounds 
crystallizing in the hexagonal ZrNiAl structure have been 
studied most thoroughly. This structure consists of U-T and 
T-X basal-plane layers alternating along the c axis. The 
stronger U-U coupling within the plane leads to a very strong 
magnetic anisotropy confining the U moments in the c direc¬ 
tion. The magnetic interactions along c are much weaker and 
in some cases antiferromagnetic with various propagation 
vectors. The electrical resistivity in antiferromagnetic com¬ 
pounds shows qualitatively different behavior for the current 
along the basal plane and along the c axis (see Fig. 3). A 
typical example is UNiGa, 27 which orders antiferromagneti- 
cally below 40 K. The ground state can be characterized by 
the sequence of (+ + - +—) orientation of equal U mag¬ 
netic moments of \Ap. B . The ferromagnetic configuration is 
reached in —0.8—1 T (at 4.2 K). As shown in Fig. 4, the 
first-order metamagnetic transition is accompanied by a dras¬ 
tic decrease of the resistivity of about 120 /dl cm 
(Ap/p=86%). 28 Knowing the complex magnetic phase dia¬ 
gram of UNiGa, one can gain some insight into the magne¬ 
toresistance effect by inspection of the p(T) dependencies in 
various magnetic fields (Fig. 3). In high magnetic fields suf¬ 
ficient to suppress the antiferromagnetic correlations, p(T) 
behaves as in a ferromagnet, with a resistance drop below the 
ordering temperature. Thus the anomalies in p(T) found be¬ 
tween 35 and 40 K, which are connected with several differ¬ 
ent antiferromagnetic phases existing in zero field, totally 
disappear in the field of 2 T. The slower increase of the 
resistivity in the ferromagnetic phase means that the largest 
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FIG. 4. (a) Magnetization and (b) relative electrical resistivity for i||c vs 
magnetic field applied along the c axis measured on UNiGa single crystal at 
4.2 K. 


drop Aps200 /xil cm is found at 25 K. Around this tempera¬ 
ture a two-step metamagnetic process is observed (see Fig. 
5). For current perpendicular to the c axis, which is sensing 
essentially the ferromagnetic ordering of U moments within 
the basal-plane sheets, the p(T) dependence resembles that 
of a ferromagnet already in the zero-field phase, but the field 
applied along c still reduces the residual resistivity from ~30 
to —10 pXlcm. 

The second compound of this type of structure is UPdln, 
where the layers of the U moments of 1.5 fi B are stacked 
along c in the sequence (+ + - + -), which gives a net 
ground-state magnetization of 1/5/%. As can be seen in Fig. 
6, an increase of the resistivity is found at low temperatures 
for current along the c axis. 29 Below the inflection point in 
p(7’) at 20 K, which coincides with the ordering tempera¬ 



FIG. 5. (a) Magnetization and (b) relative electrical resistivity for i'||c vs 
magnetic field applied along the c axis measured on UNiGa single crystal at 
25 and 28 K, respectively. 



T (K) 


FIG. 6. Temperature dependence of the electrical resistivity of a UPdln 
polycrystal and a single-crystalline whisker for i||c The two additional 
points indicate the value to which the resistance of the whisker drops in 
applied fields above the two metamagnetic transitions seen in Fig. 7. 


ture, a gradual saturation to p 0 =80 pi\ cm is observed. For 
current perpendicular to the c axis, a more regular behavior 
with a low temperature decrease of the resistivity appears. In 
a field of 4 T along the c axis, the magnetic structure trans¬ 
forms into the (+ + -) stacking, and the full parallel align¬ 
ment of moments is achieved in 16 T. Both metamagnetic 
transitions (Fig. 8) are accompanied by a drop in the resis¬ 
tivity. The major part of the magnetoresistance effect (total 
drop of 60 fdl cm) is concentrated into the latter transition. 
From these two examples with A p>p 0 , it is evident that the 
magnitude of A pip at low temperatures is strongly dependent 
on the residual resistivity p 0 in a “ferromagnetic” state, 
which is essentially related to crystal imperfections. Inspect¬ 
ing the temperature dependence of A p/p, we note that this 
parameter should decrease at high T even in cases where 
electron-phonon scattering is not of primary importance. The 
reason is the increase of the resistivity due to magnetic ex- 
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FIG. 7. (a) Magnetization and (b) relative electrical resistivity for i||c vs 
magnetic field applied along the c axis measured on UPdln single crystal at 
4.2 K. 
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FIG. 8. (a) Magnetization and (b) relative electrical resistivity for i||c vs 
magnetic field applied along the three principal crystallographic axes mea¬ 
sured on UNiGc single crystal at 4.2 K. 


citations, which affects p(T) progressively with raising tem¬ 
perature up to the ordering temperature. 

UNiGe 30 crystallizes in the orthorhombic TiNiSi struc¬ 
ture type. Below 41.5 K, this compound orders antiferromag- 
netically with a propagation vector (0,1/2,1/2). Applying the 
magnetic field along the c axis, one first induces (in approxi¬ 
mately 4 T) another magnetic structure with the propagation 
vector (0,1/3,1/3) and a net magnetic moment corresponding 
to the stacking (+ + -). The parallel alignment of U mo¬ 
ments is achieved above 10 T. In the longitudinal geometry 
(/||c,B||c), we find that p is reduced by a similarly large 
relative value as in the compounds mentioned above (Fig. 8). 
The absolute value of the resistivity decrease is about 80 
pXlcm. However, in contrast to the previous cases, p(B) 
first increases by the transition from the ground-state phase 
(+-) to the one with the (+ + -) stacking. 

UPdGe 31 is formed within the same structure type. Un¬ 
like UNiGe, it is ferromagnetic below T c =28 K. The anti¬ 
ferromagnetic ordering (long wavelength modulated struc¬ 
ture) existing between 28 and 50 K, can be suppressed by a 
moderate magnetic field applied along the c axis (see Fig. 9). 
The transition field can be tuned by temperature variations, 
and the maximum size of the drop of p can reach about 150 
p,{l cm. 


IV. DISCUSSION AND CONCLUSIONS 

The examples presented above show unambiguously an 
additional contribution to the electrical resistivity due to the 
antiferromagnetic coupling of magnetic moments, which can 
be removed by forcing the moments to orient parallel to each 
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FIG. 9. (a) Magnetization and (b) electrical resistivity for i|jc vs magnetic 
field applied along the three principal crystallographic axes measured on 
UPdGc-singie crystal at different temperatures. 

other. This contribution does not vanish in the low- 
temperature limit, and at low temperatures it can contribute a 
substantial part of the total resistivity. 

Concerning possible mechanisms by which the antifer¬ 
romagnetic ordering influences the electrical resistivity, one 
should also consider the spin-dependent scattering, which 
can play an important role besides the Fermi-surface gap¬ 
ping, and which is often considered in the context of multi¬ 
layers. In this concept the electrons with different spin ori¬ 
entation are supposed to experience different potentials and 
have a different ft-space distribution. The origin of the spin- 
dependent scattering can be understood if we consider the 
different scattering amplitude for electrons with spin parallel 
or antiparallel to ionic magnetic moments in a local moment 
case. In band magnetism, the asymmetry of the scattering is 
given due to significantly different partial densities of states 
at E F for each subband (spin-up or spin-down). In both 
cases, the increment of the resistivity in the AF state is de¬ 
pendent on a concentration of +- interfaces. It is worth 
systematic experimental effort to check whether it is really 
the case, i.e., whether the larger resistivity in the AF state is 
due to an additional scattering mechanism, or if the explicit 
parameter is the modification of the effective conduction- 
electron concentration. In a case such as this there should be 
a proportionality between p AF and p F irrespectively of, e.g., 
the p 0 value. The unique proportionality constant given by 
the truncation factor mentioned above should be observed at 
least in the low-T, limit, where different excitations in anti¬ 
ferromagnetic and “ferromagnetic” states can be neglected. 
The size of the magnetoresistance effect should scale more 
with the size of the AF unit cell in this case. 

Keeping in mind an applicability potential, future effort 
should focus on materials with exchange interactions strong 
enough to guarantee ordering in the room temperature range. 
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As shown in the example of FeRh, this need not lead to 
extremely high metamagnetic fields in compounds with com¬ 
peting ferro- and antiferro-interactions. The orientation on 
artificial multilayers or cluster systems is apparently not the 
only promising stream of GMR research. 

ACKNOWLEDGMENTS 

This work has been supported by the “Stichting voor 
Fundameteel Onderzoek der Materie (FOM), the Grant 
Agency of the Czech Republic (Grant No. 202/94/0454), and 
by the Charles University Grant Agency (Grant No. 312). 

1 M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. 
Etienne, G. Creuzert, A. Friedrich, and J. Chazelas, Phys. Rev. Lett. 61, 
1979 (1988). 

2 S. S. P. Parkin, Z. G. Li, and D. J. Smith, Appl. Phys. Lett. 58, 2710 
(1991). 

3 For a review see; R. E. Camley and R. L. Stamps, J. Phys.: Condens. Mat. 
5, 3727 (1993). 

4 J. M. Fournier and E. Gratz, “Transport Properties of Rare Earth and 
Actinide Intermetallics,” in Handbook of the Physics and Chemistry of 
Rare Earths, Vol. 17, edited by K. A. Gschneidner, L. Eyring, G. R. 
Choppin, and G. H. Lander (North-Holland, Amsterdam, 1993), pp. 409- 
537. 

5 N. V. Baranov and A. I. Kozlov, J. Alloys and Compounds 190,83 (1992). 
6 A. J. Dekker, J. Appl. Phys. 36, 906 (1965). 

7 T. Kasuya, Prog. Rep. Phys. (Kyoto) 16, 227 (1959). 

S D. L. Mills and P. Lederer, J. Phys. Chem. Solids 27, 1805 (1966). 

9 R. J. Elliot and F. A. Wedgwood, Proc. Phys. Soc. 81, 846 (1963). 

10 Sec, c.g., S. Arajs, R. V. Colvin, and M. J. Marcinkowski, J. Less- 
Common Metals 4, 46 (1962). 

11 1 r «'oboda, M. Divis, A. V. Andreev, N. V. Baranov, M. I. Bartashevich, 
and P. E. Markin, J. Magn. Magn. Mater. 104-107, 1329 (1992). 

12 N. V. Baranov, P. E. Markin, A. I. Kozlov, and E. V. Sinitsin, J. Alloys and 
Compounds 200, 43 (1993). 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


13 H. Yamada and S. Takada, J. Phys. Soc Jpn. 34, 51 (1973). 

14 H. Yamada and S. Takada, Prog. Theor. Phys. 49, 1401 (1973). 

iS R. B. van Dover, E. M. Gyorgy, K. J. Cava, J. J. Katjewski, R. J. Felder, 
and W. F. Peck, Phys. Rev. B 47, 6134 (1993). 

16 J. H. V. J. Brabers, K. Bakker, H. Nakotte, F. R. de Boer, S. K. J. Lenc- 
zowski, and K. H. J. Buschow, J. Alloys and Compounds 199, LI (1993). 
17 A. K. Rastogi and A. P. Murani, Proceedings of the International Confer¬ 
ence on Valence Fluctuations (Plenum, Bangalore, 1987), p. 437 

18 S. J. Kennedy, A. P. Murani, B. R. Coles, and O. Moze, J. Phys. F 18, 
2499 (1988). 

19 A. K. Rastogi, G. Hilscher, E. Gratz, and N. Pillmayr, J. Phys. (Paris) C8, 
277 (1988). 

20 Y. Nishihara, M. Tukumoto, Y. Yamaguchi, and G. Kido, J. Magn. Magn. 
Mater. 70, 173 (1987). 

21 A. K. Grover, R. G. Pillay, V. Balasubramanian, and P N. Tandon, J. Phys. 
(Paris) C8, 281 (1988). 

“S. B. Roy, S. J. Kennedy, and B. R. Coles, J. Phys. (Paris) C8,271 (1988). 

23 E. Gratz, E. Bauer, R. Hauser, M. Matkis, P. Haen, and A. Markosyan, 
Proceedings of the International Conference on the Physics of Transition 
Metals, Darmstadt, 1992, edited by P. M. Oppeneer and J. Kiibler (World 
Scientific, Singapore, 1993), p. 366. 

24 C. J. Schinkel, R. Hartog, and F. H. A. M. Hochstenbach, J. Phys. F: Metal 
Phys. 4, 1412 (1974). 

25 V. L. Moruzzi and P. M. Marcus, Phys. Rev. B 46, 14198 (1992). 

26 T. T. M. Palstra, G. J. Nieuwenhuys, J. A. Mydosh, and K H J Buschow, 
Phys. Rev. B 31, 4622 (1985). 

27 V. Sechovsky, L. Havela, F. R. de Boer, E. Bruck, T. Suzuki, S. Ikeda, S. 
Nishigori, and T Fujita, Physica B 186-188, 775 (1993). 

28 V. Sechovsky, L. Havela, L. Jirman, W. Ye, T. Takabatakc, H. Fujii, E. 
Bruck, F. R. de Boer, and H. Nakotte, J. Appl. Phys. 70, 5794 (1991). 

29 H. Nakotte, E. Brack, F. R. de Boer, A. J. Riemcrsma, L. Havela, and V. 
Sechovsky, Physica B 179, 269 (1992). 

30 K. Prokes, H. Nakotte, E. Brack, F. R. de Boer, L. Havela, V. Sechovsky, 
and P. Svoboda, IEEE Trans. Magn. MAG-30, 1214 (1994). 

31 S. Kawamata, H. Iwasaki, N. Kobayashi, K. Ishimoto, Y. Yamaguchi, and 
T. Komatsubara, J. Magn. Magn. Mater. 104-107, 53 (1992). 


Sechovsky et al. 


6918 



Giant magnetoresistance related transport properties in multilayers 
and bulk materials (invited) 

H. Sato, H. Henmi, Y. Kobayashi, and Y. Aoki 

Department of Physics, Tokyo Metropolitan University, Hachioji-shi, Tokyo 192-03, Japan 

H. Yamamoto 

Functional Devices Research Laboratory, NEC Corporation, Kawasaki, Kanagawa 216, Japan 

T. Shinjo 

Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611, Japan 

V. Sechovsky 

Department of Metal Physics, Charles University, Ke Karlovu 5, 121 16 Praha 2, Czech Republic 

A systematic comparison of magnetoresistance, Hall effect, thermal conductivity, and thermoelectric 
power has been made on systems exhibiting giant magnetoresistance (GMR), Co/Cu/Ni(Fe) 
multilayers, and AgCo granular alloys, for examples. Each property exhibits field dependence 
characteristic of the GMR and justifies its own merit in characterizing the conduction-electron 
scattering responsible for the GMR. The comparison was extended to intermetallic compounds such 
as REGa 2 and RECo 2 (RE: rare earth element) which also show a large magnetoresistance. 


I. INTRODUCTION 

The GMR in magnetic multilayers 1 is one of the most 
attractive subjects. Most of experimental works focus mainly 
on the magnetoresistance (MR). 2 To characterize the conduc¬ 
tion electron scattering responsible for the GMR, it is best to 
study the Hall effect, thermoelectric power, and thermal con¬ 
ductivity simultaneously on the same sample and under the 
same experimental geometry. 3 From thermal conductivity 
measurements, it can be judged whether the scattering re¬ 
sponsible for the GMR is large angle in nature or not. Such 
works on magnetic multilayers and granular alloys are still 
scarce. 4,5 Thermoelectric power measurements give informa¬ 
tion on the density of electron states at E F . Thermoelectric 
power measurements on magnetic multilayers and granular 
alloys 6 ' 8 reveal common main mechanism of conduction- 
electron scattering. The extraordinary part of the Hall resis¬ 
tivity contains information about the left-right asymmetry of 
conduction-electron scattering. 6 Several reports 10 ” 13 correlate 
the anomalous behavior of the extraordinary Hall resistivity 
correlated with the GMR. 

The large resistance change in UNiGa (Ref. 14) and 
SmMn 2 Ge 2 , 15 at their metamagnetic transition has a close 
similarity to multilayers. First of all, they have geometrical 
similarity, i.e., the neighboring magnetic layers are coupled 
antiferromagnetically at zero field, and are aligned ferromag- 
netically under magnetic fields. 

We describe here the systematic comparison of the trans¬ 
port properties correlated with the GMR in both metallic 
superlattices and in magnetic granular films. For the 
multilayer, we chose a typical noncoupled one, Cu/Co/Cu/ 
Ni(Fe), in which the large resistance state is attained utilizing 
the large difference of the coercive field of the two ferromag¬ 
netic components. AgCo was selected as an example of 
granular alloys with the largest MR ratio We further extend 
the comparison to the with REGa 2 and RECo 2 . 


II. EXPERIMENT 

The multilayer samples are Cr(30 A)/[Co(20 A)/Cu(40 
A)/Ni(Fe)(20 A)/Cu(40 A )] 50 (sample ML-1) and Cr(30 A)/ 
[Co(20 A)/Cu(40 A)/Co( 1 A)/Ni(Fe)(20 A)/Co(l A)/Cu(40 
A)] 5 o (sample ML-2). AgCo granular samples containing two 
different Co concentrations of 27.2 at. % (GL-1) and 42 
at. % (GL-2) have a total thickness of 5000 A. Both systems 
were evaporated in ultrahigh vacuum on glass substrates at 
room temperature. Samples for the Hall effect and the MR 
were made with a mask suitable for transport measurements. 
Samples for thermal measurements were evaporated on thin 
glass substrates (~80 pm) in order to reduce the thermal 
shunt effect. REGa 2 (RE:Nd, Pr, and Sm) single crystals 
were grown in a triarc furnace by the Czochralski pulling 
method. Polycrystalline RECo 2 (RE: Ho and Dy) were 
melted in an arc furnace from elements with a purity of at 
least 99.9%, and were annealed 100 h at 900 °C. 

III. RESULTS AND DISCUSSION 

A. Magnetic multilayers and granular alloys 

The larger MR ratio is desirable for investigating the 
influence of the GMR effect on other transport properties. 
The MR ratios at 4.2 K for ML-1 and GL-1 (annealed at 
240 °C) are 51% and 84% for the field in-plane, respectively. 
The MR ratio is defined as MRR J = (p max -p s )/p J (p max and p s 
are a maximum value of the electrical resistivity p and p at 
maximum applied field, respectively). 

The result of the field dependence of the thermoelectrr 
power (5) for ML-2 is shown in Fig. 1 along with the cor¬ 
responding MR curves. The resemblance of the field depen¬ 
dence to that of MR is clear, including the anisotropy, which 
suggests that the conduction-electron scattering responsible 
for GMR plays a major role also in the S(H) dependence. In 
the spin-split density of states (DOS) model given by Shi 
et al., 16 5 is a linear function of p(0)/p(//). which was re¬ 
ported to hold well for Co/Cu multilayers and for AgCo 
granular alloys. 16,17 The corresponding plot for ML-2 is 
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FIG. 1. The field dependence of the thermoelectric power (S) and the re¬ 
sistivity (p) in ML-2 for the fields parallel and perpendicular to the film. 


shown in Fig. 2. The data points are also on a line regardless 
of the field direction. Recently, Tsui et al. reported a more 
restricted scaling relation of S, i.e., the plots of S(H)/T vs 
p(0)/p(H) for 7'=78, 113, and 161 K in Co/Cu superlattices 
are all on a single line. For the present multilayers, however, 
the data plotted in the same procedure at 79 a,nd at 296 K are 
on different lines, which indicates that the scaling relation¬ 
ship by Tsui et al. is not a universal one for GMR systems. 

Thermoelectric power measurements on AgCo granular 
alloys were reported by Piraux et al. 5 and Shi et al . 16 The 
dependence S(T) in the two works is roughly similar; how¬ 
ever, two different characteristics have been found at lower 
temperatures. Shi et al. 16 reported that S changes sign from 
negative at high temperatures to positive below about 25 K. 
In Ref. 5, on the other hand, the sign is always negative and 
a small negative peak near 70 K was found. We also mea¬ 
sured S vs T on an as-grown sample and on one annealed at 



FIG 2. S(H) vs 1 lp(H) plots for ML-2 obtained front the data in Fig. 1 



FIG. 3. The field dependence of S and p of GL-2 for the fields parallel and 
perpendicular to the film. 

\ 

310 °C (not shown). Overall, our result is similar to that in 
Ref. 5. although we have found neither the sign change nor 
the negative minimum. The sign change might not be intrin¬ 
sic in AgCo granular samples since it has not been found in 
either the present work or in Ref. 5. The anisotropy observed 
in the M\l is also clearly reflected in the S(H) dependence as 
shown in Fig. 3. The figure shows that the scattering respon¬ 
sible for ipMR dominates also in the S(H) dependence in 
AgCo granular alloys although there is a slight discrepancy 
for the ////plane curve due to the thermal delay effect. 

We hav§ reported the field dependent thermal conductiv¬ 
ity correlate^ with GMR for the first time on Co/Cu/ 
Ni(Fe)/Cu multilayers. 4 Piraux et al. reported the extensive 
investigation iff thermal conductivity on Co 20 vol % (27.2 
at. %) AgCo granular alloys. 5 In order to measure the abso¬ 
lute value of thermal conductivity, their method of using very 
thick and substrate free films has a considerable advantage. 
However, we can obtain data as reliable as them even on a 
thinner sample with a substrate for the field dependent part 
of thermal conductivity A k(H) as 4 

A k(H) = K rs (l/S)DT(H)/AT S , (1) 

where K TS is the totai thermal conductance of a sample in¬ 
cluding the substrate at saturation field, / the sample length, 
and S the sample cross section; DT(H)/AT S is the ratio of 
the field dependent change of the temperature gradient to that 
at saturation field. Figure 4 shows typical examples of the 
field dependent part of thermal conductivity A k(H) for 
ML-1 and GL-1 along with the calculated k(H) from the 
field dependence of p(H) measured on the same samples 
based on the Wiedcmann-Franz law (W-F-L), 

k(H)=L 0 T/ P (H), (2) 

assuming the Lorenz number of I 0 =2.45X10~ 8 W fi/K 2 . 
Present experiments show that the W-F-L is well obeyed at 
least for the field dependent part of thermal conductivity both 
for the multilayer and for the granular samples within a 5% 
accuracy. It agrees with the result of Piraux et al. where the 
absolute value of thermal conductivity on the granular AgCo 
samples fulfills the W-F-L within a 10% accuracy. These 
results suggest that the conduction-electron scattering re- 
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FIG. 4. The field dependence of the thermal conductivity. The calculated 
curves from p(H) based on the W-F-L are also given for comparison. 


sponsible for GMR in AgCo granular alloys is large angle in 
nature as well as in the magnetic multilayers. 

The Hall effect in magnetic multilayers and granular al¬ 
loys is still controversial. 11-13 The key issue is the field de¬ 
pendence of R s , which has not been taken into account by 
most researchers. 11,13 The Hall resistivity p xy is described as 
the sum of the two terms, the normal part proportional to 
magnetic field H and the extraordinary one p xy proportional 
to magnetization M as 

p X y=R()H+4iTR s M, (3) 

where R 0 and R s are the normal and the extraordinary Hall 
coefficient, 9 respectively. In most experiments on ordinary 
ferromagnetic films and on multilayer samples 9,12 with a 
small MR ratio, p xy (H) has been described fairly well by Eq. 
(3), assuming a field independent R s . In this case p xy (H) is 
a simple superposition of a linear normal part and an anoma¬ 
lous term that mimics the M(H) dependence. During recent 
experiments on magnetic multilayers exhibiting the GMR, 
Fe/Cr, 10,12 and Co/Cu (Ref. 18) multilayers, an anomalous 
peak in the field dependence of p xy (H) has been found. It 
can never be explained by a field independent R s since M 
increases monotonously with increasing field. This suggests 
that R s , representing the magnitude of asymmetric scattering 
of conduction electrons, is no longer a field-independent con¬ 
stant in GMR systems. R s is known to originate from two 
different asymmetric scattering mechanisms, i.e., the skew 
scattering and the side-jump mechanisms. 9 

R s =ap-rbp 2 , (4) 

where a and b represent the magnitudes of the skew¬ 
scattering and the side-jump components, respectively. Tak¬ 
ing into account the p{H) dependence, Eq. (3) has been suc¬ 
cessfully applied to reproduce the anomalous p xy (H) 
dependence. For both Fe/Cr (Ref. 12) and Co/Cu (Ref. 18) 
multilayers, the experimental data R s /p vs p are nearly on a 


FIG. 5. The p xy (H) dependence for GL-1 

line, which means that the parameters a and b are indepen¬ 
dent of magnetic field strength. In other words, the scattering 
responsible for the GMR has the same characteristics as that 
of the residual scattering at saturation fields from the view¬ 
point of left-right asymmetry. 

We cannot properly explain the Hall effect on large 
GMR samples without taking into account the field depen¬ 
dent decrease of conduction-electron scattering. Granular 
systems cannot be a exception. For AgCo granular samples 
at 4.2 K, Xiong et al. u reported an experimental correlation 
Pxy^R 3 ' 1 conflicting with the existing theory given by Eq. (3) 
without taking into account the field dependence of p. In 
order to clarify the origin of the discrepancy, we carefully 
measured the field dependence of p xy simultaneously with 
MR. M was also measured in the same geometry, i.e., the 
Hi film plane. Figure 5 shows the p xy (H) dependence on an 
as-grown sample (denoted as AG) and a sample annealed at 
240 °C (T a =240 °C) for 15 min, where R 0 was already sub¬ 
tracted using the linear slope at higher fields. It is negative at 
4.2 K and the overall behavior is basically the same as that of 
Xiong et al. n The field dependence for the as-grown sample 
resembles that of M in Ref. 11, including the hysteresis. p xy 
shifts to a positive direction with increasing temperature, and 
the sign is always positive at 273 K. 

The most salient feature is the peak below 10 kOe for 
7^ =240 °C. The dependence is close to that reported for 
Fe/Cr (Ref. 12) and Co/Cu (Ref. 18) multilayers exhibiting 
the large GMR. Xiong et al. n asserted the independence of 
R s on H based on the fact that the field dependence of p xy 
resembles that of M. However, the resemblance exists only 
on heat treated samples at low temperatures. Even for these 
samples, the resemblance is only approximate (see Fig. 6). 
For the samples annealed at higher temperatures in the both 
experiments, however, p x ! y shows a peak or more complex 
structures below 1 T. If Fig. 1 in Ref. 11, T A =330°C, for 
example, is re-examined carefully, one can clearly identify a 
peak of similar magnitude to our data, i.e., the magnitude of 
the peak is about 150% of the saturation value of p xy if the 
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FIG. 6. The R S (H) dependence for GL-1 calculated from and M(H) 
measured in the same geometry. 


normal part were properly subtracted. It must be pointed out 
that one must determine the extraordinary part of Hall resis¬ 
tivity (not the total Hall resistivity) within the required pre¬ 
cision in order to discuss the influence of the GMR effect on 
the left-right asymmetry of conduction-electron scattering. 

Starting from Eq. (3), the peak in p^ y indicates that R s 
decreases with increasing H since M increases monoto¬ 
nously. Due to the competition between the increasing M 
and the decreasing R s , a peak may appear in the field de¬ 
pendence of p¥ y . It seems very natural since the magnitudes 
of the two terms in Eq. (4) decrease with increasing H for 
constants a and b. Of course, there is no guarantee that a and 
b are constant since the character of conduction-electron 
scattering might change with field and temperature. In 
order to see the field dependence more clearly, 
R,s(H) = p^ y (H)/[4rrM(H)] is plotted against H in Fig. 6. 
The dependence of R s on H is far beyond the experimental 
error. The field dependence at 273 K is relatively simple 
since the predominant side-jump component with positive 
sign decreases monotonously with increasing H in the same 
manner as the MR. The dependence is not simple at lower 
temperatures since both the negative skew-scattering and the 
positive side-jump one compete. At low fields, R s initially 
decreases with H since the decrease of the positive side-jump 
component with p 2 dependence overcomes the increase of 
the negative skew-scattering component with p dependence. 
R s has a peak at a field where the change of the two com¬ 
ponents becomes equal. Additional details of the AgCo sys¬ 
tem will be published elsewhere. 19 

In the noncoupled multilayers, p yy looks different, as 
shown in Fig. 7. No peak can be seen against H\ however, it 
does not mean that R s is independent on p. If R s is constant, 
the field dependence of p^, and M must be exactly alike. 
However, p yy becomes nearly constant above 10 kOe while 
M is still increasing. Above 10 kOe, the increasing contribu¬ 
tion to the second term in Eq. (3) from M is canceled out by 
the decreasing R s correlated to the negative MR in Fig. 7. 
The hysteresis is also largely different between p yy and M: 
i.e., we find the largest difference between the increasing and 
the decreasing field curves near zero field for M while it is 
near 7 kOe for p^. That can be also understood as due to the 



FIG. 7. The field dependence of the normalized Hall resistivity, A/, and MR 
for ML-2 in the same geometry 

field dependence of R s since the largest difference in the MR 
ratio is near 7 kOe as is also shown in Fig. 7. It must also be 
noted that the arrows given to the hysteresis curves for p^ y 
and M are directed inversely. The present Hall effect mea¬ 
surement proves that the reduction of conduction-electron 
scattering associated with the GMR undoubtedly affects the 
field dependence of the extraordinary Hall resistivity both in 
the magnetic multilayers and in granular alloys. Furthermore, 
it gives a clue that some change in the scattering character 
with field strength (the field dependence of a and b) is larger 
in granular alloys compared to ordinary multilayers such as 
Fe/Cr (Ref. 12) and Co/Cu. 18 

B. Intermetallic compounds 

In rare earth intermetallic compounds, the large MR ef¬ 
fect associated with metamagnetic transitions is not excep¬ 
tional. We first list the characteristics to compare to the mag¬ 
netic multilayers and granular alloys. 

(1) The effect has a magnetic origin. 

(2) The MR ratio is larger than 10% with negative sign. 

(3) The dimensionality of magnetic layers plays an im¬ 
portant role. 

(4) Different conduction electron mean free paths of two 
spin-split bands play an essential role. 

(5) The magnitude of each magnetic moment does not 
change under the magnetic field. 

Of these, (1) and (2) are taken as necessary conditions as 
the starting point. Both the UNiGa (Ref. 14) and SmMn 2 Ge 2 
(Ref. 15) have the characteristic (3), which is not a necessary 
condition for granular alloys but is for the multilayer 
samples. Characteristics (4) and (5) seem to be key issues to 
the usual GMR effect. 

Recently many RE- or U-intermetallic compounds have 
been investigated and few compounds have been found to 
possess the above characteristics except for characteristic (4). 
An example is NdGa 2 , although the definite magnetic struc¬ 
ture is not clear yet. 20 For most RE, REGa 2 has an antiferro¬ 
magnetic ground state and shows several step metamagnetic 
transition. PrGa 2 shows two peaks in the MR near the spin- 
flip transition as was already reported for ErGa 2 (Ref. 21), 
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while SmGa 2 shows a steplike increase of MR at each meta- 
magnetic transition. 22 The field dependence of the MR for 
NdGa 2 , which resembles that of UNiGa, is shown in Fig. 8 
along with M and p xy at 4.2 K. Clear resistivity drops can be 
seen associated with metamagnetic transitions. NdGa 2 , we 
do not discuss in depth here, but it can be stressed that a 
large negative MR over 40% is obtainable on a compound 
without the characteristics of (4). 

YCo 2 exhibits a typical itinerant metamagnetism at high 
magnetic fields. 23,24 When Y is replaced by magnetic RE 
ions, the exchange field from the ions splits the d band and a 
ferrimagnetic state is stabilized below T c . The transition is 
of the first order for Er, Ho, and Dy with a large and sudden 
change of resistivity. 25 Recently HoCo 2 and ErCo 2 have been 
reported to show a drastic resistivity decrease under mag¬ 
netic fields above T c 26 The decrease may be caused by the 
suppression of spin-fluctuation scattering due to the field- 
induced transition. 

This system has no characteristic (3) but has (4), on the 
same level as magnetic multilayers and granular alloys. The 
temperature dependence of the Hall coefficient, the resistiv¬ 
ity, and the magnetic susceptibility are shown in Fig. 9 for 
HoCo 2 and DyCo 2 . Overall, p(T) is close to those reported 
by Gratz et al. 25 R u is always positive for HoCo 2 while for 
DyCo 2 it changes sign depending on T, which suggests that 
the two components in Eq. (4) have i different sign in 
DyCo 2 . 

Figure 10 shows the field dependence of MR, p xy , and 
M in the same geometry. The magnitude of the transverse 
MR in polycrystallinc HoCo 2 is nearly the same as was re¬ 
ported for the longitudinal MR in the single crystal. For 
DyCo 2 , a MR ratio over 25% has been observed at 138 K, 
despite the fact that the large spin-fluctuation scattering al¬ 
ready exists below T c and the sample quality is not satisfac¬ 
tory. The main source of the resistance drop may be the 
suppression of spin-fluctuation scattering due to field- 
induced band splitting. 26 

From the band structure calculation on YCo 2 , 23,24 on the 
other hand, we naturally expect that the s-d scattering con¬ 
tribution similar to the usual GMR effect in the magnetic 
multilayer also plays a role. In a paramagnetic state, the va¬ 
lence band structure of HoCo 2 and DyCo 2 is similar to YCo 2 . 
Under that condition, the s-d Mott mechanism may reduce 
the mean free path of s-like conduction electrons since the 
Fermi level is just at the dropping part of the d band where 
the density of the d-like states is still high, close to the 
Stoner criterion. 23,24 In a field induced ferrimagnetic state, 
the majority d band is put under the Fermi level, as was 
previously determined for a ferromagnetic YCo 2 . 23 The 
mean free path of s electrons becomes longer compared to 
that of a paramagnetic state due to the disappearance of the 
s-d scattering in the majority band. As a result, the total 
resistivity decreases at the field-induced transition to the fer¬ 
rimagnetic state. This mechanism resembles that responsible 
for the GMR effect in magnetic multilayers. 3 Starting from 
the low resistivity ferromagnetic (ferrimagnetic) state, the 
difference between the two systems is how the mean free 
path of conduction electrons is suppressed in the low filed 
high resistive state. For the state in magnetic multilayers the 



FIG. 8. The field dependence of the MR ratio, tf y , and M for NdGa 2 . 

suppression is made by the averaging the conduction elec¬ 
tron mean free path in the two spin bands over successive 
magnetic layers with the reverse magnetic moment, while for 
the paramagnetic state in RECo 2 , the mean free paths in the 
both spin bands are suppressed by the s-d Mott mechanism 
which disappears for the majority band in the field-induced 
ferrimagnetic state. In other words, the s-d scattering aver¬ 
aged over more than two ferromagnetic layers in antiferro- 
magnetically aligned multilayers is, in effect, similar to that 
in the paramagnetic state with a high d-electron density of 
states at E F . Of course, for the RECo 2 system, band splitting 
apparently reduces the spin-fluctuation scattering which may 
be the main mechanism of the resistance drop in this system. 
However, we cannot ignore the possible contribution of the 
s-d mechanism to the MR at this stage. 

For both compounds, the field dependence of p xy re¬ 
sembles that of M below T c . Above T c , the field depen¬ 
dence is clearly different from that in ordinary ferromagnetic 
films. p xy shows a clear decrease at higher fields, especially 
at 90 K for HoCo 2 and at 138 K for DyCo 2 , whereas M is 
still increasing in the same fields. The decrease cannot be 



FIG. 9. The temperature dependence of p, R H , and x for HoCo,. and DyCo 2 . 
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FIG. 10. The field dependence of the MR ratio, p x) , and M for HoCo 2 and 
DyCoj. The measurements were done for the increasing field direction. 


due to the normal part of p xy since p xy in the ferrimagnetic 
state is nearly constant at high fields. The source of the de¬ 
crease may be the same as that in the magnetic multilayers 
and granular alloys, i.e., reduction of left-right asymmetric 
scattering associated with negative MR. At lower fields, p xy 
deviates to positive for HoCo 2 and to negative for DyCo 2 
compared to the field dependence expected from the magne¬ 
tization curves. For DyCo 2 , p xy even changes its sign. '™' : s 
can be understood if we take into account the field-induced 
transition from para- to ferrimagnetic states. The side-jump 
component in Eq. (4) is effective only in the ferromagnetic 
or ferrimagnetic state whereas the skew-scattering compo¬ 
nent also contributes in paramagnetic state. For HoCo 2 both 
components are positive while for DyCo 2 the skew compo¬ 
nent is negative and the side-jump one is positive, which was 
already shown in Fig. 9. In the low field paramagnetic range, 
the skew term dominates the whole sign. 

Compared to magnetic multilayers and granular alloys, 
the Hall resistivity in RECo 2 system shows both a similarity 
and a difference. The decrease at higher fields correlated to 
the decreasing resistivity is the similarity while the strange 
dependence at lower fields is the later and probably related to 
characteristic (5) described earlier. 


To summarize: (1) The effects correlated to the GMR 
appeared in all the transport properties and for all the mate¬ 
rials investigated. (2) Simultaneous measurements of the dif¬ 
ferent transport properties revealed both a difference and a 
similarity in the character of conduction electron scattering. 
(3) The existence of neither itinerant magnetic electrons nor 
two dimensional ferromagnetic layers is a necessary condi¬ 
tion for the GMR effect in intermetallic compounds. 
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A large intrinsic magnetoresistance has been found near the ferromagnetic transition of metallic 
manganese oxides with perovskite-type crystal structure. The magnetic and transport properties 
were measured on bulk and thin-film La 1 _ i A x Mn0 3+5 with A=Ca,Sr,Ba. Assuming the 
double-exchange model proposed by Zener [Phys. Rev. 81 , 440 (1951); 82 , 403 (1951)], the strong 
dependence of the transport properties on the magnetic field and also on the chemical composition 
is attributed to the mixed Mn 3+ /Mn 4+ valence. 


I. INTRODUCTION 

Much interest has been focused on giant magnetoresis¬ 
tance (GMR) since the first observation of it in metallic mul¬ 
tilayers consisting of ferromagnetic layers which are sepa¬ 
rated by nonmagnetic spacer layers. 1 Meanwhile, resistance 
changes AR/R(H=0) of up to 60% at 10 K, 2 or 40% at 
room temperature, 3 have been reported. Beside multilayers, 
the effect has also been found in heterogeneous alloys with 
superparamagnetic precipitates embedded in a nonmagnetic 
metallic matrix. Spin-dependent scattering near the interface 
between the ferromagnetic and the nonmagnetic phase is the 
physical origin of the magnetoresistance in these systems, 
whereas the “conventional” anisotropic magnetoresistance 
(MR) of ferromagnets and also the isotropic MR which is 
attribute ' :o magnetic impurity scattering are intrinsic prop¬ 
erties of the material. 

Although today’s interest in GMR mainly focuses on the 
heterogeneous systems with ferromagnetic/nonmagnetic in¬ 
terfaces, one has to keep in mind the very high intrinsic MR 
of some materials, which is possible if the electronic trans¬ 
port is strongly related to the spin order, especially in those 
cases of coincidence of a magnetic and a metal- 
semiconductor transition. Such an intrinsic GMR has, e.g., 
been reported for some ferromagnetic Eu-chalcogenide al¬ 
loys (r c =6 K). In the ferromagnetic region, the resistance 
could be lowered by more than four orders of magnitude by 
applying a magnetic field of less than 1 T. 4 It has been shown 
by several authors (e.g., Refs. 5-7), that the intrinsic GMR is 
not restricted to low temperatures if a system with a suitable 
high transition temperature is chosen. One example is the 
mixed-valence perovskite-type La^Ba^MnO^, for which 
we found a lowering of the resistance of AR/R(H = Q)>6Q% 
at room temperature. 7 Leaving out for a moment the very 
high magnetic field of 7 T which is necessary, these numbers 
are still higher than those reported for multilayer systems. 

In this article we first review magnetic properties of Mn- 
oxides with distorted perovskite-type structure. Then the ef- 


3l Also with. Institute of Physics, University of Augsburg, 86159 Augsburg, 
Germany. 


feet of spin disorder on the transport properties is discussed. 
In Sec. IV also some results on “doped” bulk samples are 
reviewed, where chemical impurities have been introduced 
by partially substituting Cu for Mn. 8 The effect of an exter¬ 
nal field on the resistance is then reported in Sec. V for 
various thin-film samples, and we will finally conclude with 
a short summary. 

II. EXPERIMENTS 

The bulk samples were prepared by standard ceramic 
techniques from oxides, carbonates, or acetates either from 
an acid solution as described earlier 9 or just by repeated 
grinding and annealing in air, which finally resulted in black, 
compact sintered pellets. Using some of these samples as 
laser targets, thin films with thicknesses between 100 and 
500 nm were grown on SrTi0 3 10X10 mm 2 substrates in 
(100) and (110) orientation by laser deposition as described 
elsewhere. 10 The substrate temperature had to have a tem¬ 
perature range around T 5 =600 °C to obtain epitaxial growth. 
The sample quality was controlled by x-ray diffraction and 
also by reflection high-energy electron-diffraction (RHEED) 
measurements. A higher substrate temperature resulted in 
polycrystalline films, which did not differ in their electric 
properties from the epitaxial ones. Since we did not carry out 
chemical analysis, the exact oxygen content of our samples 
is uncertain and thus we assume an oxygen excess S. 

III. MAGNETIC Mn-OXIDES WITH PERVOSKITE 
STRUCTURE 

Early investigations on magnetic oxides with distorted 
perovskite-type structure 11 showed that antiferromagnetic, 
insulating LaMn0 3 can be driven into the metallic state by 
replacing a certain amount of the trivalent La by divalent Ca, 
Sr, or Ba. At the same time as electric transport becomes 
possible, the antiferromagnetic spin order changes via a 
canted spin structure or an antiferromagnetic spiral arrange¬ 
ment into a ferromagnetic state. The crystal symmetry 
changes from tetragonal, monoclinic, or rhombohedral to¬ 
ward cubic symmetry. The electric and magnetic properties 
are also very sensitive on the preparation parameters, which 
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FIG, 1. Schematic phase diagram of La! _ x Ba x Mn0 3 . Antiferromagnetic 
(AFM), semiconducting (SC) LaMnOj becomes ferromagnetic (FM) and 
metallic (M) if trivalent La is substituted by divalent Ba. Similar phase 
diagrams can be drawn for Sr and Ca substitution (Ref. 11). 



ep energy 


FIG. 2. Schematic diagram of the band structure of La 1 _ I Sr x Mn0 3+ i (Ref. 
19). The initial bandgap of about 1.3 eV is reduced by the hole states (a) due 
to Sr doping and (b) due to excess oxygen, (c) States at e F are probably 
introduced by band broadening in the ferromagnetic region for high Sr con¬ 
tent x>0.15 (Ref. 20). 


is mainly the annealing temperature. 7,11-13 A schematic mag¬ 
netic phase diagram for La^Ba^MnC^ is shown in Fig. 1. 

The antiferromagnetic coupling between Mn 3- ions in 
the undoped parent compound LaMn0 3 is believed to be 
transferred by superexchange via the intermediate oxygen, 
leading to a layered spin structure with antiferromagnetic 
coupling between adjacent layers and ferromagnetic order 
within the layers. 14 Weak (or parasitic) ferromagnetism is 
observed even in the undoped compound and is interpreted 
as an intrinsic property 15 or to result from an excess of oxy¬ 
gen S. n 

Zener was the first to develop the mechanism of double 
exchange to understand the occurrence of ferromagnetism 
together with metallic conductivity, if a portion of the La is 
substituted by a divalent metal. 16 A corresponding number of 
formerly triply charged Mn must then become quadruply 
charged, and the displacement of these holes increases the 
conductivity and at the same time provides a mechanism for 
ferromagnetic interaction. The double-exchange model pro¬ 
ceeds from a resonance valence-bond description of the Mn 
3d electrons and O 2 p electrons. While no electron transfer 
is possible from a Mn 3+ to another Mn 3+ ion, this changes 
by introducing some Mn 4+ ions, and in this case the bond 
between Mn ions of different oxidation state can be de¬ 
scribed as a resonance hybrid between the two states, 

'i',: Mn 3+ 0 2- Mn 4+ , V 2 : Mn 4+ 0 2 'Mn 3+ . 

A fluctuation of the electron is energetically favored and, as 
it has been shown for such a simplified physical model, 17,18 
the transfer integral for one electron becomes 

*<, = *>,, cos(0,,/2), 

with some constant b tJ , when 0 tJ is the angle between the 
two ionic spins. This dependence of the carrier energy on 0,, 
is, together with the competing antiferromagnetic superex¬ 
change interaction, the reason for either a canted spin ar¬ 
rangement with two sublattices in the ferromagnetic region, 
or a spiral arrangement, which is stable in a certain range of 
the dopant concentration x, 

IV. MAGNETIC AND CHEMICAL DISORDER 

While all of the Zener carriers participate in double ex¬ 
change, at least at low concentrations x, only a small fraction 
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of them is involved in the conduction process. 18 This pecu¬ 
liarity of the conduction band w; s recently confirmed in a 
spectroscopic investigation by Chainani, Mathew, and 
Sarma: 19 Their x-ray photoelectron spectroscopy (XPS) and 
ultraviolet photoemission spectroscopy (UPS) spectra of sin¬ 
tered Laj _ i Sr x Mn0 3 showed only a negligible intensity at 
the Fermi level even in the metallic region x>0.2, and thus 
the authors conclude that the energy gap (or a pseudogap 
with a low density of states) of the “pure” semiconducting 
compound LaMn0 3 survives even if chemical holes are 
doped by introducing Sr. Figure 2 shows the schematic band 
structure as suggested by these authors. A theoretical study 
of La, _ x Sr x Mn0 3 , which extends the double-exchange 
model by including band-structure effects, predicts a band 
broadening at the ferromagnetic transition, which reduces the 
gap or even closes it, thus leading to increased or metallic 
conductivity in the ferromagnetic region 20 and activated con¬ 
ductivity above T c . This might explain the activated behav¬ 
ior we observed above T c also in the metallic ferromagnets 
(Figs. 3 and 4). 

As a consequence of this interplay between spin order 
and the small number of mobile charge carriers, the conduc- 



temperature IK) 

FIG. 3. Magnetization (under an applied field of figH =0.4 T) and resistance 
vs temperature of sintered La^Ba^MnC^ [upper figure (a)] and 
La 06 Ba 0 4 Mn 0S Cu 02 O 3+ 3 [lower figure tb)]. Data taken from Ref 8. 
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temperattire[K] 

FIG. 4. Temperature dependence of the resistivity at zero field (solid line, 
left-hand-side axis) and under an applied field of =5 T (dashed) for thin 
films of La^Sr^MnOj.^ Lau 8 Sr u3 Mn0 3+ * and La„ 6 Sr (M MnOj^ # The 
dotted curves (right-hand-side axis) represent the relative MR effect MR 

=(R(or)-«(5r)]/R(or). 


tivity is strongly affected by perturbations of the spin lattice. 
This leads in some cases even to an Anderson type of local¬ 
ization and, therefore, semiconducting behavior. 21 Figure 
3(a) shows the temperature dependence of the magnetic mo¬ 
ment and the resistance of the metallic ferromagnet 
Lao 6 7 Ba 0 33Mn0 3 . At low temperature T<T C , metallic be¬ 
havior is observed, i.e., a positive temperature coefficient of 
resistivity, p _1 dp/dT> 0, down to the lowest temperature of 
4.2 K. Near T c , a very prominent spin-disorder scattering 
leads to a strong increase of resistivity. The resistance 
reaches a maximum at 1^355 K, and then decreases, i.e., 
activated behavior is observed above the ferromagnetic tran¬ 
sition. 

If 20% of the Mn is replaced by Cu, we obtain the 
curves of Fig. 3(b). Beside the lowered T c , the saturation 
magnetization differs significantly fro.n the calculated spin- 
only values of the 3d elements, thus indicating a global or 
local canting of spins. The resistivity is increased by several 
orders of magnitude, compared to Fig. 3(a), and exhibits ac¬ 
tivated behavior also in the ferromagnetic region. The tran¬ 
sition to metallic conduction takes place at a much lower 
temperature r 2 as 20 K. The high resistance in the region of 
activated conduction has been explained by a reduced mobil¬ 
ity or even localization due to “frozen-in” magnetic 
disorder, 8 Further Cu doping breaks the long-range magnetic 
order, and spin-glass behavior occurs. The resistivity of the 
spin-glass samples shows activated behavior in the whole 
examined temperature range. 


In order to explain the very strong dependence of the 
resistance on spin order in a material with such a low density 
of states in the conduction band, some authors suggested a 
magnetic polaron model 5,22,23 i.e., the spin of a conducting 
electron induces a local distortion of the spin lattice and 
moves on surrounded by this spin polarization. The transport 
properties at low temperature should then be dominated by a 
hopping process. Indeed we find that the resistivity data of 
Fig. 3(b) and also those obtained on spin-glass samples fol¬ 
low a lnp~T -1/4 law at temperatures T<T C , 8,12 thus sug¬ 
gesting variable-range hopping of spin polarons in a disor¬ 
dered spin lattice. 21,24 

The conception of spin polarons is supported by infrared 
measurements, which were obtained on sintered samples of 
La 1 _ z A J Cu 1 _ x Mn 3 .0 3+5 (A=Sr, Ba). 12,25 A broad peak in 
optical conductivity at around 2000 cm -1 is observed, which 
is attributed to polaron transport effects. This peak becomes 
more pronounced as spin disorder is increased by doping of 
Cu, thus indicating the increased effect of spin polarization 
on the mobility. Experimental evidence for magnetic po¬ 
larons above T c was found by spin-polarized neutron scat¬ 
tering for the very similar compound Nd 0 5 Pd 0 5 MnO 3 . 5 

V. MAGNETORESISTANCE IN THE FERROMAGNETIC 
REGION 

The dependence of the conductivity on the spin order 
and thus on the magnetization implies a high magnetoresis¬ 
tance in the ferromagnetic region. The highest values should 
be expected near T c , because here we find the highest 
change of saturation magnetization under an applied mag¬ 
netic field. 

Figure 4 shows the temperature dependence of the resis¬ 
tance and magnetoresistance of La,__ c Sr^Mn0 3+<s thin films 
for three compositions x=0.4, 0.3, and 0.1. Again we find a 
cusp in the zero-field resistance (solid line in Fig. 4) at a 
temperature near T c , with metallic behavior below and ac¬ 
tivated behavior above this temperature. The application of 
an external magnetic field of =5 T decreases the resis¬ 
tance (dashed line), and the difference to the zero field values 
is shown by the MR curve (dotted line), which is normalized 
to the zero-field resistance. The highest MR value is found 
near to the cusp in resistivity, and the cusp itself becomes 
smaller and shifts towards higher temperature as the field is 
increased. Magnetoresistance curves of La 06 Sr 04 MnO 3+5 
films at various temperatures are shown in Fig. 5. The MR is 
normalized to the zero-field values again since no saturation 
was achieved, but one should notice that, if normalized to the 
resistance at high field, as is usually done for GMR multi¬ 
layers, the MR at 230 K exceeds 400% in the 7 T field range. 

Films prepared from a La 0 67 Ca 0 3 3Mn0 3 target even 
show an intrinsic GMR of more than 2 orders of magnitude 
(i.e., 10 4 %) at T=120 K. The R(T) curve of this sample, 
measured at zero field, shows a very high peak near this 
temperature, which can be completely suppressed by apply¬ 
ing a magnetic field of 5 T. At lower temperature ( 7’< 100 
K), we observe spin-glass-like behavior in the magnetization 
and also in the magnetoresistance. Details about this will be 
published elsewhere. 
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FIG. 5. Magnetoresistance of La 06 Sr 04 MnO 3+i thin films at various tem¬ 
peratures, normalized to the resistance at H= 0. 

The MR seems not to depend on the relative orientation 
between magnetic field, electric current, and crystal axes, if 
one takes into account the different demagnetization factors, 
thus indicating that the contribution of anisotropic MR can 
be neglected. At low temperature T<T C , the MR decreases 
again. This is consistent with the conception of a spin- 
disorder-dependent conductivity which cannot be changed by 
an applied field if the spin lattice is ordered at zero field. 

VI. SUMMARY 

In some ferromagnets with composition in the vicinity of 
a metal-semiconductor transition, an intrinsic GMR effect is 
possible which by far can be higher than the GMR of metal¬ 
lic multilayers or heterogeneous alloys. This intrinsic GMR 
occurs in the temperature range around the ferromagnetic 
transition, and it is not restricted to low temperature, as has 
been shown for samples with sufficiently high Curie tem¬ 
perature. Zener’s model of double exchange gives an impres¬ 
sive imagination of the interplay between magnetic and elec¬ 
tric properties. Both are very sensitive to chemical or 
magnetic disorder, which sometimes can even lead to a lo¬ 
calization of charge carriers. The existence of magnetic po- 
larons which determine the transport properties in the ferro¬ 
magnetic region seems to be a plausible explanation for the 
observed temperature dependence of the resistance and mag¬ 
netoresistance. 
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Colossal magnetoresistance in La-Ca-Mn-0 ferromagnetic thin films 
(invited) 

S. Jin, M. McCormack, and T. H. Hefei 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

R. Ramesh 

Bellcore, Redbank, New Jersey 07701 

A colossal magnetoresistance effect with more than a thousandfold change in resistivity 
(AR/i? w =127 000% at 77 K, H=6 T) has been obtained in epitaxially grown La-Ca-Mn-0 thin 
films. The effect is negative and isotropic with respect to the field orientations. The 
magnetoresistance is strongly temperature dependent, and exhibits a sharp peak that can be shifted 
to near room temperature by adjusting processing parameters. Near-room-temperature A R/R H 
values of —1300% at 260 K and ~400% at 280 K have been observed. The presence of grain 
boundaries appears to be detrimental to achieving very large magnetoresistance in the lanthanum 
manganite films. The orders of magnitude change in electrical resistivity could be useful for various 
magnetic and electric device applications. 


I. INTRODUCTION 

Perovskite-like oxide of lanthanum manganite 
(LaMn0 3 ) exhibits both strong ferromagnetism and metallic 
conductivity when La ions (3+ valence) are partially substi¬ 
tuted with 2+ valence ions such as Ca, Ba, Sr, Pb, and Cd. 
This results in a Mn 3+ /Mn 4+ mixed valence state creating 
mobile charge carriers and canting of Mn spins. 1-10 The unit 
cell of a perovskite AB0 3 is shown in Fig. 1, where A at the 
comers represents a large ion such as La 3+ , Nd 3+ , Ca 2+ , 
Sr 24 , Ba 2+ , Pb 2+ , B at the center of the cube stands for a 
small ion such as Mn 3+ , Mn 4+ , Cr 3+ , Fe 3+ , Ti 4+ , and O at 
the center of the faces represents O 2- . The ionic radii of the 
elements pertinent to the manganites are listed in Table I. 
These elements form either simple AMn0 3 -type or mixed 
(A+A') (B+B') Mn0 3 -type perovskites following Gold¬ 
schmidt’s perovskite stability criterion on ionic radii, i.e., the 
ratio (r A +r 0 )/ (r B +r 0 )\j2 should be approximately unity. 1 
(r a > r B> r o represent the radii of ions A, B, and O, respec¬ 
tively.) 

Thin films of La-manganite thin films have recently been 
prepared and their magnetoresistance (MR) behavior has 
been reported for La-Ba-Mn-0 (Ref. 11) (with the MR ratio 
of ~150% at room temperature) and La-Ca-Mn-0 (Ref. 12) 



• A (La 3 *, Ca 2 *, - - ■) 
® B (Mn 3 *, Mn 4 *, - - -) 
O O (O 2 ) 


FIG. 1. Unit-cell structure of perovskite. 


(MR ratio of ~ 110% at 220 K and near zero at room tem¬ 
perature). The MR ratio is defined here as AR/R H 
= ( R f1 -R 0 )/R fi where R 0 is the zero-field resistance and R n 
is the resistivity in the applied magnetic field, e.g., H =6 T. 
These oxide films exhibited large magnetoresistance compa¬ 
rable to the higher end of the values for the so-called “giant- 
magnetoresistance(GMR)”-type materials of metallic 
multilayer or heterogeneous films 13-20 with the MR values 
typically in the range of 5-150%. 

In this article we report the electrical, magnetic, and 
magnetoresistance behavior in epitaxial La-Ca-Mn-0 films 
with extraordinary MR values in excess of 100 000%, about 
three orders of magnitude greater than were previously re¬ 
ported for the GMR-type or La-manganite films. Some po¬ 
tential applications of the material are also discussed. 

II. EXPERIMENTAL PROCEDURE 

Thin films of La-Mn-Ca-O, ~1000 A thick, were depos¬ 
ited on (100) LaA10 3 substrates by pulsed laser deposition 
(PLD). The substrate temperature was 650-700 °C, and the 
oxygen partial pressure in the chamber was maintained at 
100-300 mTorr. The nominal target composition was 
Lao 67 Ca 0 33 MnO t . The chemical composition of the depos- 


TABLE I. Ionic radii of elements involved in perovskitelike manganites. 


Ion 

Radius (A) 

La 3 ' 

1.22 

Pr 3 * 

1.16 

Nd 3+ 

1.15 

Sm 3 * 

1.13 

Gd 3 * 

1.11 

y 3 * 

1.06 

Ca 2 * 

1.06 

Sr* 

1.27 

Ba 2 * 

1.43 

Cd 2 * 

1.03 

Pb 2 * 

1.32 

Mn 3 * 

0.70 

Mn 4 * 

0.52 

O 2 ' 

1.32 
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FIG. 2. Magnetoresistance behavior of the epitaxial La-Ca-Mn-0 films 
(900 °C/30 min heat treated). 

ited film was found to be similar to that of the bulk target 
used for the deposition, as indicated by scanning electron 
microanalysis and Rutherford backscattering analysis. X-ray- 
diffraction and rocking angle analysis indicate that the films 
have the perovskite-type cubic structure with a lattice param¬ 
eter of a =3.89 A (or a=7.78 A from the crystallographic 
point of view) and grow epitaxially on the LaA10 3 substrate 
(a =3.79 A). 

The electrical resistance and magnetoresistance of the 
films were measured as a function of temperature and mag¬ 
netic field by the four-point technique (using a constant cur¬ 
rent) in a superconducting magnet with the maximum ap¬ 
plied field of //=6 T. For most of the films the field direction 
was parallel to the current direction. Some of the measure- 
mems were carried out with the field applied perpendicular 
to the current direction in the film (using either in-plane field 
or perpendicular field). The MR behavior in the La-Ca-Mn-0 
films is almost always negative and essentially isotropic with 
respect to the field direction if the demagnetizing factor is 
taken into consideration. The M-H loops were obtained by 
using a vibrating sample magnetometer with the maximum 
field of H = 1 T. The transmission electron microscopy 
(TEM) was carried out by using JEOL 4000 microscope op¬ 
erated at 400 kV. The samples were thinned by ion milling. 

III. RESULTS AND DISCUSSION 

The La-Ca-Mn-0 films in the as-deposited condition ex¬ 
hibit low MR ratios of typically less than -500% over a 
broad temperature range of 50-300 K (low MR only in a 
relative sense as this is still quite impressive). It has been 
found that a post-heat treatment of the deposited films is 
essential in order to maximize the MR behavior. 21 The high¬ 
est MR ratio so far has been obtained by heat treatment at 
900 °C/30 min. in an oxygen atmosphere (3 atm oxygen). As 
shown by the R vs H curves in Fig. 2 the La-Ca-Mn-0 film 
exhibits a very large magnetoresistance value of 127 000% at 
77 K (more than a thousandfold decrease in resistivity). The 



FIG. 3. p, A R/R-h , and M vs T curves for the epitaxial La-Ca-Mn-0 film 


zero-field resistivity of the film, p—11.6 ft cm (R = 1.35 MO 
for the sample size —1000 A thick X 2 mm wide X 4 mm 
long), decreased in the presence of applied field H =6 T to 
—9.1 mfi cm (/? = 1.06 Kfl). The 77 K data indicate that the 
most significant portion of the resistivity drop occurs at H <2 
T. The 127 000% MR value in this film is colossal when 
compared to the 5%-150% magnetoresistance in the GMR 
multilayer films. As this particular film has been heat treated 
so as to exhibit the peak MR value near the liquid-nitrogen 
temperature (77 K), other measurement temperatures gave 
lower MR ratios, e.g., 14 400% at a higher temperature of 
110 K and 54 100% at a lower temperature of 60 K as shown 
in Fig. 2. 

Shown in Fig. 3 are the temperature dependence charac¬ 
teristics of p, &R/R,i , and M of the La-Ca-Mn-0 film. As is 
evident in the figure, the p vs T curve exhibits a relatively 
sharp cusp at —95 K with the film showing semiconductor 
behavior (i.e., a negative dp/dT) above and metallic behav¬ 
ior (a positive dp/dT) below this temperature. The tempera¬ 
ture at which the magnetoresistance (A R/R H ) of the film is 
maximum is almost invariably located in the metallic- 
behavior region on the left-hand (low-temperature) side of 
the resistivity peak. It is interesting to note that the magne¬ 
toresistance peak occurs at the temperature where the resis¬ 
tivity is roughly one-half of the peak resistivity or near the 
inflection point of the curve. 

Also shown in Fig. 3 is the magnetization M (at H - \ T) 
versus temperature curve for the La-Ca-Mn-0 film. It is evi¬ 
dent that the film is strongly ferromagnetic with M~ 200 
emu/cm 3 at 50 K and M—100 emu/cm 3 at 150 K. The M-H 
loops measured at various temperatures are given in Fig. 4. 
The loops exhibit magnetic hysteresis with coercivity H c of 
about 30-50 Oe. 

The mechanism(s) responsible for the very large magne¬ 
toresistance observed in the La-Ca-Mn-0 films appear(s) to 
be related to the semiconductor-to-metal transition, however, 
the exact mechanism(s) are not clearly understood at the mo¬ 
ment. Previous reports suggested the possibility of spin- 
disorder scattering, magnetic polaron hopping, or critical 
magnetic scattering for the relatively small MR effect present 
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FIG. 4. Magnetization loops for the La-Ca-Mn-0 film. 

in their La-manganite films, 11,12 However, the fact that the 
peak in magnetoresistance in the present La-Ca-Mn-0 film 
occurs, not near the magnetic transition temperature where 
M is near zero, but in the temperature region where M is still 
substantial (Fig. 3), indicates that spin-disorder scattering is 
not likely to be the major contributing factor. X-ray- 
diffraction analysis of the La-Ca-Mn-0 film of Fig. 3 at vari¬ 
ous temperatures shows that there is no change in the cubic 
crystal structure (no phase transition) in the range of 10-300 
K. The resistivity behavior near the temperature of peak MR 
suggests that the very large magnetoresistances observed are 
related to the scmiconductor-to-metal transition. Further 
study is required to elucidate the underlying mechanisms for 
the colossal magnetoresistance in the present La-Ca-Mn-0 
film. 

If the as-deposited film is heat treated for a longer time, 
e.g., 900 °C/3 h/3 atm 0 2 , the temperature of peak magne¬ 
toresistance is shifted to a higher temperature of —100 K 
with a somewhat diminished MR value of AR/Rn~ll 000% 
at H =6 T. At 77 K and at a lower field, e.g., //=1000 Oe, 
the MR ratio is -28%. A crude experiment to estimate the 
local-field-sensing capability of this film has been carried out 
at the liquid-nitrogen temperature as follows. A magnetic pen 
(a small Nd-Fe-B magnet attached at the end) was brought to 
within about 1 mm vertically of the La-Ca-Mn-0 film (2 
mmX3 mmX 1000 A thick). The magnetic field from the pen 
at this distance was —1000 Oe; however, because of the 
near-perpendicular orientation of the field and the associated 
demagnetizing factor, the actual effective field on the film is 
estimated to be much lower than ' 000 Oe. The film has the 
resistance i? = 15.9 kft (or p=106 mfiem) at 77 K. The 
change in voltage output in the film by the approaching field 
was measured by the four-point technique using a constant 
cuirent of 1 mA. The zero-field voltage of 15.9 V was altered 
to 14.6 V when the magnetic pen came near the film with the 
signifiemt sensor voltage signal AV of 1.3 V (or -8% 
change). At room temperature a measurement with a simi¬ 
larly sized film with slightly modified composition of 
La 05 5 Ca 0 25 Sr 00 gMnO A (p~1.4 mOcrn, R-280 11) gave a 
sensor voltage output A V of —13 mV (or —4.6% change), a 
sufficient signal for many sensor applications. As the AV 
signal in the sensor is expected to decrease with the distance 
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FIG. 5. R vs H curves for the La-Ca-Sr-Mn-0 film. 


away from the sensor, the magnetoresistive sensor (or an 
array of sensors) can be used as a position sensing device. 

The substantially higher electrical resistivity in the La- 
Ca-Mn-0 films, typically 2-4 orders of magnitude higher 
than the metallic magnetoresistive materials such as the 
80Ni-20Fe Permalloy, could be an advantage for field sens¬ 
ing as the sensor voltage output (AV/AH or AR/AH) is that 
much larger. The R vs H curve for this La-Ca-Sr-Mn-0 film 
at room temperature is approximately linear for a relatively 
wide range of applied field, 22 as shown in Fig. 5. Thus, the 
MR ratio of 4.6% at 7/-1000 Oe is equivalent to about 
0.046% MR for a lower field of —10 Oe (this is about the 
level of field strength of interest for magnetic recording read 
head). However, as the electrical resistance of this oxide film 
is about two orders of magnitude higher than that of the 
Permalloy (with the MR ratio on the order of 3% for H = 10 
Oe), the field-sensing output voltages turn out to be compa¬ 
rable for the two materials at the same level of sensor cur¬ 
rent. For a constant current of 1-10 mA, the AV voltage 
signal from this unoptimized film for //=10 Oe would be 
0.13-1.3 mV, comparable to the AV value from the Permal¬ 
loy film with the same dimension. 

The magnetoresistive properties of the La-manganite 
films can be used for a number of other applications. An 
example is a magnetoresistive microphone design 23 such as 
schematically illustrated in Fig. 6. A small, La-Ca-Sr-Mn-O- 
type MR sensor, about 2X4 mm 2 in size, was mounted on a 
plastic diaphragm. As sound waves with varying intensity hit 
the diaphragm and make it vibrate, the MR sensor is moved 
in relation to the magnet that supplies a gradient field. The 
resulting change in the magnetic-field intensity on the sensor 
causes a change in resistivity, which in turn changes the out¬ 
put voltage AV. Shown in Fig. 7 is a schematic diagram 
illustrating a circuit configuration for the microphone device. 
The sensor signal, many mV even in the unamplified condi- 
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FIG. 6. A magnetoresistive microphone design. 


tion, Fig. 8, decreases with the distance from the sound 
source as is expected. 

The MR behavior of the La-Ca-Mn-0 film depends not 
only on the specifics of post-heat treatment but also on a 
number of other composition and processing details includ¬ 
ing various film deposition conditions. For example, a higher 
oxygen partial pressure p 0l during deposition tends to pro¬ 
duce films with higher temperature of peak resistance. The 
magnetization especially near room temperature also in¬ 
creases noticeably with p 0r A film deposited at p 0z ~300 
mTorr gives near-room-temperature magnetoresistance val¬ 
ues of AR/R W ~1300% at 260 K and -470% at 280 K as 
shown in Fig. 9. (Because of the cryostat operation in the 
superconducting magnet used, the MR measurement at 300 
K was difficult.) The film is strongly magnetic at these tem¬ 
peratures with 47 tM in excess of 2000 G. The exact nature of 
this change in MR behavior with the oxygen partial pressure 
is not clearly understood. Further investigations are under¬ 
way to find out if it is caused by the change in chemistry 
(e.g., oxygen or cation stoichiometry) or structure (e.g., de¬ 
gree of epitaxy, lattice parameter, nature and density of de¬ 
fects, etc.). 

It is not clearly understood why our La-Ca-Mn-0 films 
exhibit the magnetoresistance effect as much as three orders 
of magnitude larger than was reported previously on similar 
La-manganite films. 11,12 It may be attributable to a number of 
differences in composition and processing details. The pres¬ 
ence of grain boundaries appears to be very detrimental to 
achieving high MR values, based on the following observa¬ 
tions: (i) Polycrystalline bulk La-Ca-Mn-0 samples of simi¬ 
lar composition exhibit low MR values of -100% or less 
between 4.2 and 300 K; (ii) nonepitaxial (nonsingle- 


2kli 

Resistor 


JL 13V 
— Power 
Source 


i = 2.2 mA 


MR Sensor 
(R 0 = 3.86 kfl) 


i (Input Cunent) 

Tr v 

MR Sensor 

, (Output 
Sensor) 


Acoustic Sensor Signal vs Proximity 



FIG. 8. Sensor signal vs proximity to the sound source for the microphone 
device of Fig. 6. 


crystalline) films deposited on substrates with a greater lat¬ 
tice mismatch [such as Si, (100)MgO] or on polycrystalline 
substrates (such as yttria-stabilized zirconia) also yield low 
MR values of less than —200%. The data previously reported 
on La-manganite films 11,12 all fall in the similarly low MR 
value regime. It is also noteworthy that no major difference 
in MR values was observed between the film and bulk, poly¬ 
crystalline La-Ba-Mn-O, both exhibiting low MR values. 11 
These observations strongly suggest that single crystallinity 
(a high degree of epitaxy and the absence of grain bound¬ 
aries), such as shown by TEM analysis over large area and 
x-ray analysis for the La-Ca-Mn-0 film, is a necessary con¬ 
dition for obtaining the very large magnetoresistance such as 
reported in this work. The single-crystalline nature of the 
film as well as the near-perfect epitaxy across the 
LaAlOj/La-Ca-Mn-O interface is evident from Fig. 10. 

The possible effect of grain boundaries on MR behavior 
is a very interesting subject for further investigation. In the 
La manganites, high electrical resistivity is a prerequisite to 
the occurrence of large magnetoresistance. The bulk, poly¬ 
crystalline La-Ca-Mn-0 material is too conductive (p<50 
mfl cm at 4.2-200 K) to exhibit very large magnetoresis¬ 
tance. Whether the grain boundaries in the La manganites 



H (Tesla) 


FIG. 7. Schematic diagram illustrating a circuit configuration for the micro¬ 
phone device. FIG. 9. p vs H curve (La-Ca-Mn-0 film) at 280 K. 
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FIG. 10 High-resolution TEM micrographs for the La-Ca-Mn-0 film: (a) 
top view; (b) cross-sectional view. 


behave like “weak links” that short out the intragranular, 
high MR regions and, if so, what the underlying cause be¬ 
hind such a behavior is, needs to be investigated. 

IV. SUMMARY 

Colossal magnetoresistance in excess of 100 000% at 77 
K and 1300% near room temperature has been obtained in 
epitaxially grown, single-crystalline La-Ca-Mn-0 films. 
These values are orders of magnitude higher than those pre¬ 
viously reported for the GMR multilayer films and La- 


manganite films. The magnetoresistance behavior appears to 
be related to the semiconductor-to-metal transition. The fact 
that the electrical resistivity of the material can be manipu¬ 
lated by applied field to a value orders of magnitude different 
could be exploited for various technical applications. 


: G. H. Jonker and J. H. van Santen, Physica 16, 337 (1950). 

2 E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955). 

3 P. G. deGennes, Phys. Rev. 118, 141 (1960). 

4 C. Zener, Phys. Rev. 82, 403 (1951). 

5 J. B. Goodenough, Phys. Rev 100, 564 (1955). 

6 B. C. Tofield and W. R. Scott, J. Solid State Chem. 10, 183 (1974). 

7 J. B. Goodenough, in Progress in Solid Stale Chemistry, edited by H. 
Reiss (Pergamon, New York, 1971), Voi. 5, Chap. 4, p. 325. 

8 R. M. Kusters, J. Singelton, D. A. Keen, R. McGreevy, and W. Hayes, 
Physica B 155, 362 (1989). 

9 L. K. Leung, A. H. Morrish, and C. W. Searle, Can. J. Phys. 47, 2697 
(1969). 

,0 C. W. Searle and S. T. Wang, Can. J. Phys. 48, 2023 (1970). 

11 R. von Hemlolt, J. Wecker, B. Holzapfel, L. Schultz, and K Samwer, 
Phys. Rev. Lett. 71, 2331 (1993). 

12 K. Chahara, T. Ohno, M. Kasai, and Y. Kozono, Appl. Phys. Lett. 63, 
1990. 

13 S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152 
(1991). 

14 B. Dieny, P. Humbert, V. S. Speriosu, S. Metin, B. A. Gurney, P. Baum- 
gart, and H. Lefakis, Phys. Rev. B 45, 806 (1992). 

15 E. E. Fullerton, M. J. Conover, J. E. Mattson, C H. Sowers, and S. D 
Bader, Appl. Phys. Lett. 63, 1699 (1993). 

i 6 L. H. Chen, T H. Ticfel, S Jin, R. B. van Dover, E. M. Gyorgy, and R. M. 
Fleming, Appl. Phys. Lett. 63, 1279 (1993). 

17 A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E. 
Spada, F. T. Parker, A. Hulten, and G. Thomas, Phys. Rev. Lett. 68, 3744 
(1992). 

I8 P. M. Levy, Science 265, 972 (1992) 

,9 L. H. Chen, S. Jin, T. H. Ticfel, and R. Ramcsh, Appl. Phys Lett 64, 1039 
(1994). 

20 T. L. Hylton, K. R. Coffey, M. A. Parker, and J K. Howard, Science 261, 
1021 (1993). 

21 S. Jin, T. H. Ticfel, M. McCormack, R. A. Fastnacht, R. Ramcsh, and L 
H. Chen, Science 264, 413 (1994). 

22 M. McCormack and S. Jin (unpublished) 

23 L. A. Marcus, M. McCormack, and S. Jin (unpublished) 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Jin et al. 


6933 













Giant magnetoresistance in f-electron systems (invited) (abstract) 

Tadao Kasuya and Takashi Suzuki 

Physics Department, Tohoku University, Sendai 980, Japan 

Various kinds of giant magnetoresistance have been observed. In the present report, we concentrate 
on the /-electron systems, particularly on rare earth compounds, and summarize the results by 
classifying according to mechanisms. One important category is concerning the magnetic impurity 
state in a doped magnetic semiconductor with a fairly wide band gap. A typical classical example 
is EuO with 0 vacancies, in which two conduction electrons with opposite spin directions are 
trapped at each vacancy. The applied field aligns the spin direction, induces magnetic polaron, 
expands the extension of the impurity state, and causes a large decrease in resistivity. Another 
typical example is Gd 3 . x 5 4 , with x near | namely, near Gd^, in which only a small amount of 
conduction electrons exists below or around the mobility edge. This system is characteristic in the 
sense that a strong band tail exists nearly independently on the number of doped carrier. A strong 
tendency to form magnetic polaron exists and various anomalous properties including giant 
magnetoresistance is observed. Recently, we performed an extensive study on this material to reveal 
the fundamental mechanism. Some details will be reviewed. Another category is the intrinsic 
character, even though it is modified substantially by defects in the real mater als. A typical 
prototype is EuB 6 , a typical narrow gap magnetic semiconductor. Applied field causes a 
ferromagnetic alignment of 4/ spins, which causes overlapping between the up spin conduction 
band and the up spin valence band through the d-f exchange and p-f mixing interaction causing the 
system into a semimetallic state. This further accelerates the 4/ spin alignment. To see the real 
intrinsic mechanism, the sample should be very pure and the most suitable samples for this purpose 
are Ce and Yb monopnictides. Recently, we performed an extensive investigation on a series of the 
above materials and found various novel characteristic properties, including both giant positive and 
negative magnetroresistances. A detailed summary is planned. 
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Theory of spin dynamics in the metallic cuprates (invited) 

Qimiao Si 

Department of Physics, University of Illinois, 1110 West Green Street, Urbana, Illinois 61801 

Yuyao Zha and K. Levin 

James Franck Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637 

The spin dynamics in the metallic cuprates are studied theoretically. In the normal state, it is 
demonstrated that the interplay of correlation effects and fermiology lead to a natural understanding 
of the contrasting wave vector dependences in the neutron scattering cross sections of the two best 
characterized cuprates: LaSrCuO and YBaCuO, as well as the anomalous fiequency and 
temperature dependences in the neutron scattering cross sections and in the NMR relaxation rates 
1 /Tj and 1 IT 2G . In the superconducting state, the compatibility of the d -wave pairing state with 
magnetic data is explored. 


i. INTRODUCTION 

In order to address the origin of high temperature super¬ 
conductivity, it is essential to understand the nature of the 
low lying excitations in the metallic cuprates. In this article, 
we focus on the spin excitations. In conventional metals, the 
spin dynamics are described by an itinerant picture based on 
the particle-hole excitation spectrum and the dynamical spin 
susceptibility is given by the Lindhard function. Such a 
simple picture does not apply in the copper oxides. 

We start the discussion with the stoichiometric com¬ 
pounds such as La 2 Cu0 4 and YBa 2 Cu 3 0 6 . They are insula¬ 
tors with a charge gap of the order of 2 eV. The insulating 
behavior is unexpected from the one-electron picture since 
the outermost copper band is half filled. Furthermore, it is 
unusual compared to band insulators in that spin excitations 
are not gapped. In fact, an antiferromagnetic ordering is de¬ 
veloped at low temperatures. 1 In the paramagnetic phase, the 
spin dynamics have been studied using both low energy and 
high energy inelastic neutron scattering, nuclear quadrupole 
resonance (NQR), and Raman scattering experiments. 1 ' 4 
These data have been successfully analyzed in terms of in¬ 
teracting spin waves in the two-dimensional Heisenberg 
model on a square lattice. 5 In this picture, spins are localized 
at the copper sites within each Cu0 2 layer, and are coupled 
with each other through essentially a nearest-neighbor 
Heisenberg coupling. These features are characteristic of a 
Mott (charge-transfer) insulator and explicitly establish the 
existence of a strong on-site Coulomb repulsion among the 
copper d electrons. 

As the system is doped away from half filling, the mag¬ 
netic order quickly vanishes, and an insulator to metal (su¬ 
perconductor) transition sets in. In the metallic cuprates, an¬ 
tiferromagnetic fluctuations have also been observed, mainly 
through NMR/NQR and inelastic neutron scattering 
experiments. 6,1 In the context of a conventional theory of 
spin fluctuations in simple metals, the NMR/NQR data ap¬ 
pear to be highly anomalous: (a) The copper-site spin-lattice 
relaxation rate, (1/7’ 1 ) Cu , is strongly enhanced in magnitude. 
Its temperature dependence deviates strongly from the usual 


linear behavior. 6 Such an anomalous temperature dependence 
is also reflected in the Gaussian component of the transverse 
relaxation rate, 1 /J 2C . 7 (b) At the same time, the oxygen-site 
spin-lattice relaxation rate, (I/T^q, is almost linear in tem¬ 
perature, and has a nominal Korringa ratio of order l. 8 The 
neutron scattering data are also puzzling: (c) The momentum 
dependences in the two best-characterized cuprates, 
YBaCuO and LaSrCuO, are quite different. In YBaCuO, an¬ 
tiferromagnetic spin fluctuations are commensurate. The 
commensurate peaks are broad, with essentially temperature- 
independent widths. 9,10 In LaSrCuO, spin fluctuations are 
sharply peaked at incommensurate wave vectors Q*; 11 ’ 12 (d) 
Within the lightly doped nonsuperconducting LaSrCuO 
system 13 the cross sections are found to scale with io/T. Sys¬ 
tematic studies of the temperature and frequency depen¬ 
dences of the cross sections for systems closer to optimal 
doping have, however, revealed low energy scales in 
YBaCuO. 9,10 Comparable experiments are still under way for 
the normal state of superconducting LaSrCuO. 

Given that the conduction electrons in the cuprates are 
strongly interacting with each other, it is perhaps not surpris¬ 
ing that the magnetic data appear to be anomalous compared 
to conventional metals. However, the exact nature of the spin 
excitations in a doped Mott-Hubbard system is not known. 
In particular, it is not clear a priori whether doped holes 
leave the localized spins of the half filled cuprates intact 
leading to a frustrated spin system, or they manage to con¬ 
vert the localized spins into renormalized quasiparticles. 
Therefore, an analysis of the spin dynamical data of the me¬ 
tallic cuprates can help clarify the nature of these spin exci¬ 
tations and the residual magnetic coupling. It also allows us 
to discuss their implications of magnetic data for the nature 
and the origin of superconductivity. This brief review sum¬ 
marizes our own work 14 ' 18 in this area and is not intended to 
be comprehensive. 

II. DYNAMICAL SPIN SUSCEPTIBILITY 

The inelastic neutron scattering cross section is directly 
related to the spin structure factor 5(q,co), 
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d 2 o-ldCl g d(o~S{q,o). (1) 

1 /T x is the rate at which the nuclear magnetization relaxes 
towards equilibrium and is given by 

(^j ~2 A 2 (q)S(q,w*->0), (2) 


where to N represents the nuclear resonance frequency which 
is essentially zero compared to typical electronic energies, 
and A r (q) is the hyperfine coupling constant for nuclei r 
(copper or oxygen). Through the fluctuation-dissipation theo¬ 
rem, 5(q,a>)=/(q,ft))/(l-e _< " /r ), where /(q,w) is the 
imaginary part of the dynamical spin susceptibility. Finally, 
the Gaussian component of the Cu-site spin-echo decay rate, 
l/r 2G , is determined by the coupling between the copper 
nuclear spins. Through the usual Ruderman-Kittel-Kasuya- 
Yosida (RKKY) mechanism, the indirect contribution can be 
related to the static spin susceptibility *(q) and is given ap¬ 
proximately by 19 



2 ^(q) 4 Y(q) 2 -(2 f(q) 2 *(q) 

q \ q 


1/2 


(3) 


where F(q) is the out of plane component of A Cy (q). 

In conventional metals, y'(q><°) has the Lindhard form, 
*"(q,«) ~ S k [/(£ k+q ) - f(EME k - £ k+q - w). This 
implies that (a) the q dependence in the neutron scattering 
cross section at low energies reflects the geometry of the 
Fermi si -face. Physically, only single-particle states close to 
the Fermi level can contribute to the low energy spin fluc¬ 
tuations; (b) the energy scale for the temperature and fre¬ 
quency dependences is determined by the Fermi energy 
which is of the order of eV or 10 000 K; (c) 1/T t is linear in 
temperature, and satisfies the Korringa law, l/T l Tx 2 =i, 
where x is the static uniform magnetic susceptibility. (Here, 
for simplicity, dimensionless units are used.) Physically, the 
number of electrons available to flip the nuclear spin is pro¬ 
portional to TN(E F ), and each electron contributes a relax¬ 
ation rate proportional to N(E F ), where N(E F ) is the density 
of states at the Fermi level which is also proportional to x- 

To derive the appropriate form of the dynamical suscep¬ 
tibility for the metallic cuprates, 14 we consider the extended 
Hubbard model defined in a Cu0 2 layer 


#=2 C °4r4<r + 2 + 2 Vpd(d] a pi„+ h.c.) 

icr i ilu 


+ 2 Vi^'Vv+h-c-)- (4) 

The copper d electrons have an energy level S d and an on¬ 
site interaction U. The oxygen p electrons have a dispersion 
determined by the hopping matrix elements t pp (nearest 
neighbor) and t' (next nearest neighbor). The two bands are 
coupled through the hybridization matrix element V pd (near¬ 
est neighbor). 

At half filling, this model has a Mott (charge-transfer) 
insulating solution when both the Coulomb repulsion U 
(taken as infinity here) and the level separation e p -e° are 
large. The low energy configurations correspond to each cop¬ 


per site occupied by a spin, and each oxygen site fully occu¬ 
pied by electrons, or equivalently, empty of holes. The ex¬ 
change interaction among the copper spins comes from the 
superexchange mechanism. Among the excited states that 
can be virtually occupied, the lowest ones correspond to 
holes occupying the oxygen orbitals. Since there is only 
nearest-neighbor hybridization between copper and oxygen 
orbitals, the dominant contribution to the exchange interac¬ 
tion among the copper spins comes from the nearest neigh¬ 
bor term. Therefore 

J (q) = J o[ cos (q x )+cos(< 7 j,)]. (5) 

This result is quite insensitive to the oxygen dispersion, so 
long as the (bare) oxygen levels are well separated from the 
copper level. Such a nearest-neighbor form for J (q) is sup¬ 
ported by high energy spin wave measurements on the insu¬ 
lating state. 2 

In the metallic cuprates, one of the key experimental 
results is the observation of a large Fermi surface with a 
volume satisfying Luttinger’s theorem. 20 This implies that, 
when a sufficient number of holes are doped into the insula¬ 
tor to make a metallic phase, these holes convert the local¬ 
ized copper spins into itinerant quasiparticles at low ener¬ 
gies. Such a picture is also supported by various numerical 
calculations of the single-particle spectral functions in 
Hubbard-like models. This picture can be formally imple¬ 
mented in terms of the widely used large N approach to the 
extended Hubbard Hamiltonian equation (4) (here N is the 
spin degeneracy). Within the mean field theory, the constraint 
that there be no double occupancy of a copper site, as a 
consequence of strong Coulomb interactions, is manifested 
in the renormalization of the hybridization matrix element, 
V piI ->V* d , as well as of that of the copper level, e d ->e d . 
The quasiparticles of the system are described by the renor¬ 
malized band. Compared to the noninteracting case, the 
renormalized band has an enhanced mass, and the density of 
states of the antibonding band has a large asymmetry with 
respect to the Fermi level. 

We have chosen the bare band parameters so that (a) the 
plasma frequencies of the renormalized band fit those experi¬ 
mentally derived from the Drude-fitted optical 
conductivity. 21 This constraint assures that the band widths 
are reasonable; and (b) the correct Fermi surfaces are ob¬ 
tained for both LaSrCuO and YBaCuO. The Fermi surface in 
YBaCuO is rotated by 45° relative to the diamond shape 
expected in a nearest-neighbor tight binding, one band 
model. 20,22 The Fermi surface in LaSrCuO retains a 
diamond-like shape, though it is somewhat distorted so that 
the nearly flat regions are closer to the T point. 22 While the 
origins of these differences are not well understood, we are 
able to arrive at the correct Fermi surfaces through effec¬ 
tively modeling the oxygen dispersion appropriately. Such a 
modeling of the oxygen dispersion is expected to be reason¬ 
able for the discussion of the spin dynamics in the large U 
limit, since the spin degrees of freedom are mainly associ¬ 
ated with the copper states. Finally, our renormalized band 
structure shows logarithmically divergent van Hove singu¬ 
larities in the single-particle density of states at (±it,0) and 
(0,±7r). The separation of the energy at these wave vectors 
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from the Fermi energy introduces a van Hove energy, . 
Due to the different shapes of the Fermi surfaces, is 
found to be larger in YBaCuO, of the order of 25 meV, than 
that in LaSrCuO, which is less than 5 meV. 

At a formal level, the superexchange interaction of the 
metallic phase can be established through analyzing the cor¬ 
rections to the mean field theory, beyond the leading order in 
1/N expansion. 14 We found that, while the quasiparticle dis¬ 
persion is determined by the renormalized copper level, 
€* , and the renormalized hybridization, v; d , the relevant 
quantities for the calculation of the dominant superexchange 
interaction are the corresponding bare parameters, S d and 
V pd . This is not surprising since the superexchange interac¬ 
tion arises from the virtual occupancy of the high-lying ex¬ 
cited states. A separation of energy scales, therefore, remains 
and the dominant antiferromagnetic interaction is insensitive 
to the oxygen dispersion and continues to have the nearest- 
neighbor form of Eq. (5) for both YBaCuO and LaSrCuO 
systems, despite their very different Fermi surface shapes. 

The dynamical spin susceptibility is found to have the 
generalized random-phase approximation (RPA) form 

, „ Yo(q.w) 

X(q,<a)~-—. . (6) 

i+Aq)Yo(q.") 

where ;fo(q,«) is the Lindhard function associated with the 
renormalized quasiparticle energy dispersion E( k). It should 
be noted that, this form of the dynamical susceptibility de¬ 
scribes the contribution to the spin susceptibility due to the 
coherent (quasiparticle) part of the single-particle excitation 
spectra. The incoherent contribution becomes increasingly 
important at high energies where local-moment behavior is 
evidenced. 

III. SPIN DYNAMICS IN THE NORMAL STATE 

A. Wave vector dependence of the inelastic neutron 
scattering cross sections 

In two-dimensional systems, the (dynamical) Kohn 
anomaly leads to peaks in the imaginary part of the Lindhard 
function at wave vectors q=2k F . 15 ’ 23 ' 25 In LaSrCuO, such a 
Kohn anomaly, along with the nesting enhancement, leads to 
incommensurate peaks at Q* = 7 t(1 ±<5,1), 77 ( 1 ,1±<5) (Ref. 
26) away from, but close to, Q A f=(Tr,v), as is illustrated in 
the inset to Fig. 1(a). Since -J( q) is peaked at Q AF , it en¬ 
hances V'(q.w) and hence S(q,«) around an extended region 
in the Brillouin zone near Q AF . For moderate values of J 0 /J c 
(where J c is the strength of the interaction which gives rise 
to an actual magnetic instability in the system), the four peak 
structure is enhanced with overall shape unchanged, as is 
clearly seen in Fig. 1(a). When projected along two of the 
four peaks, our results can be favorably compared to the 
experimental results of Refs. 11 and 12. We have also carried 
out a detailed analysis of the behavior of the incommensura¬ 
bility as a function of the doping concentration. The large 
value, together with the strong doping dependence, of the 
incommensurability observed experimentally 11 can be under¬ 
stood only when strong Coulomb interactions as well as a 
finite nearest-neighbor oxygen-oxygen hopping matrix ele¬ 
ment t pp are included. 



FIG, 1, Calculated 5(q,o>) vs (q x ,q y ) (a) for YBa 2 Cu 3 0 67 with 7 0 /7 c =0.7 
and (b) for La, 82 Sr 0 18 Cu0 4 with J 0 IJ C = 0.6. The insets give the correspond¬ 
ing results with ./ 0 =0. Here the temperature and frequency are 1 and 10 
meV, respectively. 

We now study the spin dynamics in the YBaCuO family. 
The q structure of the Lindhard susceptibility corresponding 
to the appropriate renormalized band structure with a rotated 
Fermi surface is shown in the inset to Fig. 1(b). Because of 
the Fermi surface rotation, the Kohn anomaly induced—and 
nesting enhanced—peaks are far away from the antiferro¬ 
magnetic wave vector Q AF = (77,77). Therefore, the dynamical 
susceptibility is essentially featureless near Q AF . The antifer¬ 
romagnetic interaction enhances the amplitude of S(q,w) or 
Y'(q,w) in the region surrounding Q AF , leading to an essen¬ 
tially commensurate peak shown in Fig. 1(b). When pro¬ 
jected along the diagonal direction, our results can be com¬ 
pared favorably to the experimental results of Refs. 9 and 10. 
Experimentally, in the fully oxygenated system, the half 
widths correspond to magnetic correlation lengths of around 
one lattice spacing 27 ' 10 and in the deoxygenated case 
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FIG. 2. Normalized as a function of ioIT for La, 82 Sr 0 18 Cu0 4 at the 

peak wave vector. The solid lie .sents the scaling curve. 

(YBa 2 Cu 3 0 6 7 ) the corresponding length is around two lattice 
spacings 9,10 Furthermore, the q-integrated structure factor is 
found to have essentially the same temperature dependence 
as that of the structure factor at Q AF , 9 In our theory, the fact 
that / is not particularly close to a magnetic instability yields 
a relatively broad peak whose width is essentially indepen¬ 
dent of temperature. This is in contrast with other theories in 
which longer and strongly temperature-dependent correlation 
lengths are assumed. 28,29 

The contrasting q dependences of the dynamical suscep¬ 
tibilities in LaSrCuO and YBaCuO, therefore, provide direct 
evidence that the particle-hole continuum associated with the 
renormalized quasiparticles gives the dominant contribution 
to the spin dynamics at low energies. 

B. Temperature and frequency dependences of the 
dynamical spin susceptibility 

The frequency and temperature dependences of the dy¬ 
namical susceptibility in the present theory are discussed ex¬ 
tensively in Ref. 17. The lowest energy scale is manifested as 
a weak peak in the frequency dependence of the neutron 
structure factor, and is found to correspond to the van Hove 
singularity energy «vh- Magnetic interactions of moderate 
strength lower the position of this peak, and considerably 
enhance the low energy spin fluctuation spectra. These low 
energy scales can also be illustrated in a scaling plot of the 
susceptibility in terms of w/T. In Fig. 2, such a scaling plot is 
shown for susceptibilities calculated for LaSrCuO at the in¬ 
commensurate peak position. Since o>v H is small in LaSr¬ 
CuO, we find that the dynamical susceptibility scales with 
(o/T until very low temperature and frequency. In YBaCuO 
system, cuv H is considerably larger, av H ~25 meV. A devia¬ 
tion from scaling is predicted 16 for YBaCuO, when the fre¬ 
quency is smaller than a>y H and the temperature smaller than 
7 ’vh'~3«vh- R ecent experimental results from Ref. 9 seem to 
be consistent with this prediction for the case of YBaCuO. 

C. NMR/NQR relaxation rates 

We now turn to the analysis of the NMR/NQR data. 
Shown in Fig. 3(a) is the calculated temperature dependence 
of UTJ at the copper site in deoxygenated YBaCuO. The 




FIG. 3. Calculated temperature dependence of NMR relaxation rates in 
YBa 2 Cu 3 0 67 : (a) l/7’,7'; (b) 1 IT 2G \ and (c) T la IT{T. The vertical axes are 
in arbitrary units. 


downturn at low temperatures reflects the van Hove energy 
scale o>vh • (By contrast, this downturn is not present in the 
normal state of LaSrCuO since o>vh is much smaller.) At 
high temperatures 1/7', starts to saturate and 1 IT j T exhibits a 
Curie-Weiss temperature dependence. This temperature de¬ 
pendence is in reasonable agreement with experimental data, 
as is the enhanced magnitude. We emphasize that, within our 
analysis, the strong Coulomb correlations lead to two effects. 
They renormalize the quasiparticle energy spectrum, and in¬ 
duce residual exchange interactions between the quasiparti¬ 
cles. Because of this Coulomb-induced renormalization, we 
find that there is sufficient spin fluctuation spectral weight to 
explain the enhanced magnitude in 1 IT j, without making the 
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assumption of proximity to a magnetic instability. In this 
way, we are able to explain both the neutron scattering and 
the Cu-site NMR results. In LaSrCuO system, this is consis¬ 
tent with the recent results of Walstedt and co-workers. 30 
These authors have demonstrated that (I/T^q, measured in 
the NMR experiments are in quantitative agreement with 
their counterparts calculated from the incommensurate peaks 
derived from the neutron scattering experiments. 11 As shown 
earlier, the incommensurate peaks arise from the the quasi¬ 
particle contributions; this quantitative agreement, therefore, 
reinforces the conclusion that low energy spin dynamics are 
dominated by quasiparticle contributions. 

We have also calculated 1 IT 1G . As is seen in Fig. 3(b), a 
high temperature Curie-Weiss dependence is also reflected 
in l/r 2G> consistent with experimental results. 7 The Curie- 
Weiss behavior for both l/T x T and HT 1G also implies that 
the ratio T 2G IT\T is weakly temperature dependent at high 
temperatures, as is seen in Fig. 3(c). The qualitative behavior 
is quite similar to the corresponding experimental plot of 
Takigawa. 7 In our calculations, the high temperature Curie- 
Weiss behavior for 1 /T X T and 1 !T 1G results from the Curie- 
Weiss behavior for both x'(q,co-+0) and lim w _ 0 /’(q,«)/w 
over an extended region in the Brillouin zone around 
Q A p=(rr,7r). The temperature scale is set by the fraction of 
the Fermi energy further lowered by the exchange enhance¬ 
ment factor. In this way, it reflects the proximity to Mott 
localization [which is incorporated in ,y 0 (q,<t))] combined 
with moderate magnetic interaction effects. By contrast, 
weak coupling calculations 29 assume that the system is very 
close to a magnetic instability; this soft spin fluctuation fre¬ 
quency then leads to these very low energy scales, as well as 
large magnitudes in 1 IT x . Our result is also in contrast with 
the essentially temperature independent l/r 2c calculated by 
Littlewood era/. 23 within a marginal Fermi liquid frame¬ 
work, in which the magnetic interaction between the quasi¬ 
particles is assumed to be zero. 

In the strong coupling limit, the renormalized quasipar¬ 
ticle description is in essence a low temperature expansion. 
At sufficiently high temperatures, this description should 
break down; instead, the single particle excitations become 
incoherent, and the spin dynamics should cross over to a 
local-momentlike behavior. In this way a temperature- 
independent 1/7’i is expected at high temperatures. This 
physical picture is consistent with recent measurements of 
1/7"! in LaSrCuO. 3 The situation is very similar to the spin 
dynamics in heavy fermion metals. 31,32 The precise local- 
moment dynamics for the cuprates are not known. Recently, 
based on the phase diagram for the 2D quantum nonlinear 
sigma model, 5 suggestions have been made that the high 
temperature local-moment dynamics in the metallic cuprates 
may show a universal behavior controlled by a zero tempera¬ 
ture critical point. 33,34 In particular, a temperature- 
independent T 2g /TJ has previously been shown to arise 
within this scheme. 34 In general, it is important to determine, 
in a given temperature regime, how much of the spin fluc¬ 
tuations can be attributed to the quasiparticle-quasihole con¬ 
tinuum contribution, and how much to the local-moment 
contributions. Neutron scattering results at higher frequen¬ 
cies and temperatures should help clarify this issue, as the 


dynamical susceptibilities associated with these different 
contributions are expected to have different forms. 

The situation for the oxygen site NMR relaxation rate is 
more complex. Because the peaks in the dynamical spin sus¬ 
ceptibility are strongly incommensurate in LaSrCuO, and 
have a broad half-width in YBaCuO, a perfect oxygen form- 
factor cancellation, based on the transfer-coupling 
Hamiltonian, 35 is not expected in either system. In the 
present calculations, within the transfer-hyperfine coupling 
model, (l/r^o shows considerable deviation from a linear 
temperature dependence. In the context of the LaSrCuO sys¬ 
tem, similar conclusions have also been reached. 30 At 
present, it is not clear whether this means that our under¬ 
standing about the hyperfine coupling associated with the 
oxygen nucleus is not complete or an important piece of 
physics is still missing. 

To summarize, the contrasting spin dynamics in LaSr¬ 
CuO and YBaCuO, and the consistency of the spin fluctua¬ 
tion spectral weights inferred from the neutron scattering 
cross sections and (Cu-site) NMR relaxation rates, lead us to 
conclude that, at low temperatures and frequencies the domi¬ 
nant spin fluctuations are described in terms of a particle- 
hole excitation spectrum associated with renormalized qua¬ 
siparticles, which interact with each other through an 
antiferromagnetic interaction of moderate strength. At higher 
temperatures and frequencies, the relative contributions of 
the quasiparticle (coherent) part and the local-moment (inco¬ 
herent) part remain to be determined. 

IV. SPIN DYNAMICS IN THE SUPERCONDUCTING 
STATE 

The application of Eq. (6) below T c is straightforward. 
We have found that 18 the anomalous temperature depen¬ 
dences at low frequencies observed in neutron 
measurements 11 ’ 12,9 of S(q,w) may be compatible with a 
d x z - y 2 pairing state in both LaSrCuO and YBaCuO. How¬ 
ever there arc problems with the wave vector dependences of 
S(q,a>). Of the two cases, the effects are more striking in 
YBaCuO. At the lowest temperatures all that contributes to 
the cross section are processes in which the Lindhard func¬ 
tion is not fully “gapped out.” These correspond to node-to- 
node scattering and because the nodal positions are unrelated 
to the Fermi surface nesting, these low T peaks will not be in 
the same position as their counterparts in the normal state. In 
this way the peaks in the structure factor move with decreas¬ 
ing T, from their high T positions to incommensurate posi¬ 
tions along the zone diagonal. Similar observations were 
made first in Ref. 36. The failure of current experiments 11,12 ’ 9 
to observe this shift in the peak position is thus not consistent 
with a (clean) d-wave picture. 

Recently, similar calculations 37 were performed in the 
context of a weak-coupling Hubbard Hamiltonian with only 
first nearest-neighbor hopping integrals. In this case, the real 
part of x 0 (q, o>) and, hence, the exchange enhancement, are 
strongly peaked at Q* both for T>T C and for T<T C , There¬ 
fore, the peak shifts will not occur; rather, the four peaks in 
the normal state are expected to become sharper. This is 
illustrated in Fig. 4(a). Such a sharpening of the peaks, how¬ 
ever, is not seen experimentally. 11 Furthermore, we have 
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FIG. 4. Calculated y'(q,o>) vs (q x ,q y ) for the tight-binding band (a) with 
nearest-neighbor hopping only, t'= 0, and J/7 ; =0.9; and (b) with additional 
nonzero next-to-nearest-neighbor hopping term r' = 0.2 t and JU C = 0.9. 
Here f=3 K and 2A(/kr c ~3 5. 

found that this result is dependent on the specific features of 
the band structure. Our studies of this model and its three 
band extension reveal that, when moderately strong second 
nearest-neighbor hopping integrals are included, the ex¬ 
change enhancement is no longer sharply peaked at Q*, and 
a shift in the position of the q dependent peaks occurs no 
matter how strong the exchange enhancements are. Such a 
second nearest-neighbor hopping matrix is necessary to ar¬ 
rive at more realistic Fermi surface shapes, correct Hall co¬ 
efficient as well as to explain the large value of the incom¬ 
mensurability in the normal state. 17 In Fig. 4(b) we have 
plotted the corresponding result for t'=0.2t with a very 
strong exchange enhancement, J/J c = 0.9; a shift of the peak 
positions is evident. 

On this basis, it may be argued that magnetic data are 
not fully consistent with the d -wave picture. Nevertheless, 
one can not rule out the effects of impurity scattering which 
may smear the density of states and thereby affect the posi¬ 
tion of the q-dependent peaks. It should be noted, however, 
that impurity effects in an anisotropic superconductor give 
rise to pair breaking and thereby a significant depression of 
T c , 38 Furthermore, they should also be incorporated in the 
theoretical interpretations 36,39 of the Cu and 0 NMR data in 
YBa 2 Cu 3 07, 40 which have been argued to give strong sup¬ 
port for a d x 2 __y 2 pairing state. Whether one can arrive at a 
“dirty d- wave” scenario for neutron and NMR data which at 
the same time leaves T c unchanged has not yet been estab¬ 
lished. 
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Hydrostatic pressure on HgBa 2 CaCu 2 0 6+(5 and HgBa 2 Ca 2 Cu 3 0 8+5 
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Tiie superconducting transition temperature T c and its pressure dependence dTJdP of 
HgBa 2 CaCu 2 0 6+<s (Hg-1212) and HgBa 2 Ca 2 Cu 3 0 8+2! (Hg-1223) were measured up to 17 kbar. T c 
increases with pressure approximately linearly for both compounds before oxidation. However, the 
nonlinearity in the T c -P cortelation shows up after oxidation in both compounds. For Hg-1212, the 
average dTJdP decreases as oxygen doping increases, while it increases in Hg-1223. These 
observations are in conflict with the modified pressure-induced charge-transfer model, but might be 
attributed to the possible existence of fine electronic structure. These observations suggest that a T r 
much higher than 140 K might be achievable in Hg-1223 by means of higher physical or chemical 
pressure. 


I. INTRODUCTION 

Previous pressure studies on high T c cuprates at various 
oxidation states show that the T c changes linearly at pres¬ 
sures between 0 and 20 kbar. 1 This can usually be explained 
by pressure-induced charge-transfer, 2 i.e., dTJdP decreases 
with the carrier concentration n, which increases with oxida¬ 
tion. Soon after the discovery of the superconducting ho¬ 
mologous series HgBa 2 Ca M _,Cu„0 2n+2+(5 [Hg-12(n-l)n], 3 
band-structure calculations showed that the electronic struc¬ 
ture of these compounds was strongly affected by the van 
Hove singularity and evolved with doping rather 
abnormally, 4 suggesting that their pressure effect dTJdP 
might be unusual. After samples of these compounds with 
different oxygen stoichiometry became available, we system- 
a 'Uy studied their pressure dependence. 

r\ positive dTJdP was observed in all 
HgBa 2 CaCu 2 0 6+(5 (Hg-1212) and HgBa 2 Ca 2 Cu 3 0 8+<s (Hg- 
1223) samples. For the as-prepared Hg-1212 samples with 
7' c ~112 K, T c increased linearly with pressure at a rate 
dTJdP =0.22±0.02 K/kbar throughout our pressure range. 
F or oxygenated Hg-1212 samples with 7’ c ~119 K, T c in¬ 
creases with pressure at a similar rate below ~4 kbar, but the 
rate of increase decreases to 0.11 ±0.02 K/kbar thereafter. 
Altnough the nonlinear T c -P correlation is rather unusual, 
the smaller average dTJdP after oxygenation is consistent 
with the charge-tran..fer model, 2 which suggests that the av¬ 
erage dTJdP decreases with the carrier concentration n. 
The dTJdP of several Hg-1223 samples was also measured. 
The dTJdP of vacuum-annealed and as-synthesized 
samples was independent of P. However, the T c vs P ot 
oxygenated Hg-1223 shows positive curvature above 12 
kbar. Unlike that for Hg-1212, the overall dTJdP for Hg- 
1223 increases with oxidation, which is in direct conflict 
with the. mod : ltd charge-transfer model. 2 

II. EXPERIMENT 

High quality samples were prepared "sing the controlled 
vapor/solid ;eaction (CVSR) technique. 5 The samples are 
'-90% pure with -10% CaHg0 2 and 3a 2 Cu 3 O s+(5 impuri¬ 
ties. Structure characieriz. -ion was carried out by x-ray dif¬ 
fraction using : Rigaku D-MAX/BII powder diffractometer 
The dc magnetic susceptibility (* dc ) of samples at ambient 


pressure was measured by a quantum design superconduct¬ 
ing quantum interference device (SQUID) magnetometer. A 
standard inductance bridge, operated at 16 Hz in an ac field 
of -5 Oe peak to peak, was employed to determine (he ac 
magnetic susceptibility (* ac ) under pressures. The standard 
four-lead measurement was applied to measure resistivity. 
Hydrostatic pressure up to 18 kbar was generated at room 
temperature inside a Teflon cup housed in a Be-Cu high pres¬ 
sure clamp, 6 using 3M Fluorinert as the pressure medium. 
The pressure was determined by a Pb-manometer placed 
next to the sample. The temperature was measured by an 
alumel-chromel thermocouple above 30 K and a Ge ther¬ 
mometer below 30 K. 

III. RESULTS AND DISCUSSION 

Four samples of Hg-1212 were characterized. Samples A 
and C were as synthesized with T c ~\\2 K. Samples B and D 
were annealed in 1 atm 0 2 at 300 °C for 30 h with T c ~119 
K and were determined to be overdoped. The of samples 
A, B, and D are shown in Fig. 1. The transition is quite sharp 
and the superconducting volume fraction is large (especially 
for sample D). The onset and midpoint of T c (T co and T cm ) as 
determined by ac-susceptibility measurements at various 
pressures are shown in Fig. 2. The T co ’s of sample A and C 
have the same trend as the T cm 's although they are not shown 
in the figure. The T cm of sample D is not well defined due to 
poor grain coupling and thus not shown. T c increases lin¬ 
early with P at a rate of 0.22±0.02 K/kbar for samples A and 
C. For samples B and D, T c increases at a rate of ~0.23 
K/kbar below 4 kbar. The ratf fell to 0.11 ±0.03 K/kbai 
above 4 kbar. As proposed by the modified charge-transfer 
model, 2 the overall dTJdP decreases as oxidation increases. 

Five samples from two different batches of Hg-1223 
were also examined. Sample V was as synthesized with 
T c ~117 K. Sample W, with T c ~79 K, was obtained by high 
vacuum annealing at 450 °C for 1 day. Samples X, Y, and Z 
were annealed in flowing oxygen at 300 °C for 1 day, with 
7V-135 K. Figure 3 shows T c versus pressure for Hg-1223. 
The 7' c ’s for samples V, X, Y, and Z were measured resis- 
tively. Although we only plotted T cm for these samples, the 
behavior of T co and T c: (zero point of the transition) is simi¬ 
lar. A long tail in the superconducting transition was ob- 
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FIG. 1. (a) Xk vs T for Hg-121? sample A and B. (b) vs T for Hg-1212 
sample D. Filled symbol: field cooling; open symbol: zero-field cooling, 
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FIG. 3. T cm vs P for Hg-1223 samples V, W, X, Y, and Z. 


served for the sample W, which might be due to damage 
caused to the grain boundaries during annealing. Therefore, 
the T c of this sample was measured magnetically and T cm 
was obtained from the peak of d\JdT. We can see clearly 
that the average dTJdP increases with oxidation. From ther¬ 
moelectric measurements, we extracted the carrier concentra¬ 
tion n by an empirical law. 7 Figure 4 shows the average 
dTJdP vs n for Hg-1212 and Hg-1223. 

Recently, a study 2 of combined effects of pressure and 
doping on (Y,Ca)(Ba,Ca) 2 Cu 3 0 7 _^ compounds shows that 
pressure-induced charge-transfer alone cannot explain the 
observed results and an “intrinsic” pressure effect on T c is 
included. This term, dT c mm /dP, is assumed to be indepen¬ 
dent of P and n. Thus, the empirical modified pressure- 
induced charge-transfer model can be written as 

T c (n,P) = r c>max (« oplimal ,0) + (d T c>max IdP) X P 
+ A X[(« — « 0 pt,mal) + (dn/d.P)X P] 2 , 



FIG. 2. F c vs P for Hg-1212. A: T ca for sample B, 0: T co for sample D; 
O: T cm for sample B, V. T (m for sample A; O' T cm for sample C. Filled 
symbol obtained on pressure reduction. 
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FIG 4. dTJdP vs n for Hg-1212 and Hg-1223. 
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where A is a negative compound-dependent constant. By ig¬ 
noring higher order contributions, the pressure effect on T c 
becomes 

dT c /dP = dT cmm tdP + 4A X dn/dP X(n- n optimal ), 

which should decrease with n (oxidation), since dti/dP> 0 
(which has been demonstrated by the negative dp/dP, posi¬ 
tive dR H /dP-, 8 where p is normal state resistivity and R u is 
the Hall coefficient). However, the average dTJdP in¬ 
creases with n in Hg-1223, despite the negative dp/dP over 
the whole P range. This is in direct conflict with the model 2 
and suggests that dT c max /dP should be P and/or n depen¬ 
dent. The ever increasing dTJdP with P after oxidation (cf. 
Fig. 3) suggests that the T c of Hg-1223 can be enhanced 
further by applying pressures up to 500 kbar. 9 

In summary, we investigated the pressure effect on 
samples of Hg-1212 and Hg-1223 with different oxygen 
contents. We found that the pressure effect becomes rather 
nonlinear after oxidation. Although a modified charge- 
transfer model can explain the pressure effect on Hg-1212, it 
is in direct conflict with the observation on Hg-1223. The 
positive dTJdP for all the samples suggests that high T c is 
optimistic. 
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The magnetoconductivity of polycrystalline Bi 2 Sr 2 Ca, _ JC Y J( Cu 2 O 8+& x=0,0.05 and 0.20 samples in 
the magnetic field of 4 T was measured. The excess conductivity has been analyzed in the light of 
Aronov-Hikami-Larkin and Bieri-Maki formalisms together with Thompson’s correction of the 
Zeeman term of both theories. The later theory was found within the clean limit to describe the data 
adequately and yielded the estimate for the phase braking time r^—IX10“ 13 s. The 
Maki-Thompson-Zeeman contribution (Act mtz ) in these samples is found to be negligible. 


The short coherence length coupled with the high tran¬ 
sition temperature provide an excellent opportunity to study 
the rounding of the transition in the oxide superconductors. 
The fluctuation enhanced conductivity, i.e., excess conduc¬ 
tivity (Act) in zero field is representable by the Aslamazov- 
Larkin (AL) and Maki-Thompson (MT) terms. 1 The mag¬ 
netic field affects the e •'inductivity through the orbital 
angular momentum giv - to AL-orbital (Act alo ) and 
MT-orbital (Act mto ) terms and through the spin angular mo¬ 
mentum yielding AL-Zeeman (Act alz ) and MT-Zeeman 
(Act mtz ) terms. Aronov, Hikami, and Iarkin 2 (AHL) have 
derived the expressions for these terms from the standard 
theory in the dirty limit. Howevet this theory is not appli¬ 
cable to high T c superconducting (HTSC) materials as they 
fall within the dean limit with the mean free path l^^ ah (0) 
[/=100 A and £ afc (0)-15 A for YBa 2 Cu 3 0 7 (YBCO)]. Later 
Bieri and Maki 3 (BM) proposed another theory of A o{H) 
which was valid for the clean limit but it gave results iden¬ 
tical to the AHL theory. Both AL contributions are not sen¬ 
sitive to the mean free path of the electrons. Therefore, their 
values remain essentially unchanged in both dirty and clean 
limits. However the MT contribution depends sensitively on 
/ since the vertex renormalization is essentially controlled by 
/ in the clean limit. The expressions obtained by Bieri and 
Maki 3 in this limit for all the four terms are identical to the 
AHL expressions with the difference that the terms Act alz 
and Act m17; had (toJAirkT ) 2 instead of {toJAirkT ^ 2 as their 
prefactors and S was defined by <5=1.203[//£ at (0)]<5 AHL , 
where <5 A[1L is given by (Ref. 2) S AHL = l6^(0)kTT^hrd 2 h. 
Later it was pointed out by Thompson 4 that both these theo¬ 
ries were wrong in treating the Zeeman splitting energy, cor¬ 
rection to this leaves the three terms, viz., Act alo , Act mto , 
and Act alz unchanged but modifier the fourth Act mtz . 

Experimentally almost all the l iention appears to have 
been focused on YBCO only and to the best of our knowl¬ 
edge no attempt has been made to study the 
Bi 2 Sr 2 CaCu 2 0 8+(5 (BSCCO) system in this light. Earlier 
Matsuda et al. 5 analyzed the magnetoconductivity of YBCO 
thin films in terms of AHL formalism without Thompson 
correction. All four contributions were required giving the 
value of the phase breaking time t^-IO ' 13 s at 100 K. How¬ 
ever Semba et al. b found no evidence for the Act mtz in their 


data on single crystals of YBCO. They found t^,-5X10“ 14 s 
which is the shortest time reported so far. Sugawara et al. 7 
have analyzed their A r(H) data measured on chemical vapor 
deposition (CVD) films of YBCO in BM theory with 
Thompson’s correction 8 (BMT), and find the Act mxz term to 
be essential in both the A o{H) vs e[=(T-T”f)/T”f is 
the mean field transition temperature] as well as AofH) vs H 
data. In polycrystalline YBCO Matsuda et al!’ also found 
vanishing values of Act mxz using uncorrected AHL expres¬ 
sions. And our recent analysis on similar samples in the light 
of corrected AHL/BM expressions support these results. 10 

We have measured the magnetoconductivity of polycrys- 
tallini Bi 2 Sr 2 Ca, _,Y t Cu 2 0 8+5 samples with x=0, 0.05, and 
0.20 and find the Act mtz contribution to be negligible. 

The samples were prepared by the matrix precursor 
method by reacting Bi 2 0 3 with a Sr 2 CaCu 2 0 8 precursor in 
the presence of 0 2 at 900-950 °C. All the samples were 
confirmed to be of single phase by x-ray diffraction (XRD). 
dc conductivity was measured by the four probe method on 
bar shaped samples. 1 The current density used was typically 
0.1 Acm 2 . Samples were so oriented that the measuring cur¬ 
rent was perpendicular to the applied field. The sample tem¬ 
perature was measured with a Si diode/CGR thermometer 
placed in contact with the sample in a copper holder, and was 
raised at the rate of 2 K/h. The data were taken at the interval 
of 20 mK within the transition region. 

At high temperatures (T^2T C ) the zero field and the 
field data coincide for all the samples implying negligible 
magnetoresistance to be present in the normal state and be¬ 
low the transition broadens in the field. A field of 4 T 
was used because for the higher fields the orbital terms show 
deviations from the H 2 behavioi predicted by the above 
theories. 2,3 In zero field, a single sharp peak in dp/dT is 
symmetrical about the temperature T max of its maximum, 
whereas in the field this curve spreads towards lower tem¬ 
peratures. This spread is around 35 K for x=0 and increases 
further with the Y concentration. 

We have analyzed the total fluctuation conductivity 
A tr f {H) = [a{H,T)-a n {H,T)) where a n (H,T) 
-l/p n (H,T) is the background conductivity. Aoy(H) con¬ 
tains the zero field conductivity (Ref. 11) Ao(0) and the 
modifications produced in it by the magnetic field. The esti- 
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TABLE I. Various fitted physical parameters for BSCCO samples in the 
clean and dirty limit, 74, t, and l are calculated at 100 K. In BM, £.(0) and 
£,i,(0) are constants, whereas in BMT-d(dirty) and BMT-c(clean) these are 
temperature dependent. 



m 

(A) 

&*(0) 

(A) 

T * 

(10 -13 s) 

r 

(10 -14 s) 

l 

(A) 

X 

II 

0 

AHL 

1.9 

10.0 

1.0 

1.0 


BM 

2.3 

9.1 

1.3 

5.3 


BMT-d 

1.8 

9.9 

0.81 

0.13 

9.8 

BMT-c 

1.8 

8.9 

0.11 

5.3 

52.5 

x=0.05 

AHL 

2.5 

11.4 

4.0 

1.1 


BM 

2.6 

10.2 

1.7 

5.3 


BMT-d 

1.8 

9.9 

0.86 

0.16 

11.0 

BMT-c 

1.8 

8.6 

0.12 

5.3 

58.6 

x=0.20 

AHL 

3.2 

12.8 

6.0 

1.3 


BM 

3.1 

11.8 

2.0 

5.3 


BMT-d 

1.9 

10.4 

0.86 

0.18 

11.5 

BMT-c 

1.9 

10.4 

0.12 

5.3 

61.2 


mation of background conductivity a n (H,T) have been dis¬ 
cussed in detail in Ref. 1. 

The experimental data of A af(H,T) of x=0 was first 
fitted to the combined expressions of zero field AL and MT 
terms and field dependent AHL expressions of AL and MT 
terms with Thompson’s correction by taking 4(0), 4d(°)> 
and as the adjustable parameters, was assumed to vary 
as T <t,-T'palT where is a constant. The values of fitted 
parameters are shown in Table I. Good agreement can be 
obtained with 4(0)= 1.9 A, 4 fe (0)=10.0 A, and 
r^=lX10 -13 s. The value of 4(0) agreed with that obtained 
from the zero field data. 1 The agreement further improved 
when BM equations with Thompson’s correction were used 
and the mean free path / was allowed to vary with tempera¬ 
ture as l=l 0 IT where / 0 is a constant. Here in the clean limit 
4(0), 4h(0), and / 0 7^ were taken as the free parameters. 
4(0) slightly increased to 2.3 A and 4*(0) decreased to 9.1 
A. We obtained / 0 t 1#0 =6.8X10~ 8 As. To get an estimate of 

from this product, we note that 1 = tv f =t 0 v f /7 (i.e., 
/o = t 0 v f ) where Tis the transport relaxation time and v F the 
Fermi velocity of the carriers. The later is estimated as 
(0.6-1.6)X10 7 cm/s from the relation £ ab (Q) = hv F /TT& 
with the in-plane energy gap parameter given 12 by 
2A/fcr c =3.5-8. Now assuming 7^=7 this product yields 
(100 K)=1.3X10~ 13 s for the lowest estimate of v F , i.e., 
u f =0.6X10 7 cm/s. This compares well with the value ob¬ 
tained by Sugawara eta/. 7 Batlogg, 12 from the resistivity 
data, has obtained r=ft/1.35/tr=5.4X 10" l2 /7\ With 
u f =10 7 cm/s, this yields t 0 (1OO /Q-5X10" 14 s from our 
estimates of Iqt^ and the t^t comes out to be =2.3. 

BMT 8 have further also assumed 4(0) and 4 6 (0) to be 
temperature dependent along with /, for both dirty and clean 
limits. Assuming these temperature variations, values of the 
parameters obtained are listed in Table 1. Both the limits give 
identical values of 4(0) as 1.8 A whereas 4 b (0) works out to 
be =9 A and = 10 A for the dirty and clean limits, respec- 


Bi 2 Sr 2 Ca Cu 2 0 8+6 



Bi ? Sr 2 Ca 0 95 Y 0 05 Cu 2 0 8 + ( 5 



FIG. 1. Fluctuation and magnetoconductivity of BSCCO *=0 and 0.05 in 
(a) and (b). In (a) £.(0) and £ fc (0) are temperature dependent while in (b) 
they are constants. Note the change in relative order of ALZ and MTO 
contributions in (a) and (b). All the four contributions to A o(H,T), i.e., 
ALO, MTO, ALZ, and MTZ and the excess magnetoconductivity A a m dis¬ 
played here, are negative in magnitude. 

tively, at 100 X. These values agree with those obtained by 
BMT on single crystals of YBCO. Our analysis yields 
7yr=0.2 and v F =7X10 6 cm/s for the clean limit using the 
Batlogg’s 12 value of 7. This is the clean limit 7 and therefore 
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cannot be used in the dirty limit as has been used conven¬ 
tionally. To estimate r in the dirty limit we assumed 
o F =lX10 7 cm/s. We get t^- 1X10 -13 and r in this 
limit=r d =1.3X10 -15 s. Thus r/r d -62. This ratio is too 
large. T d appears to be too small, its reasonable value should 
be a smaller fraction of r. If v F is reduced further the ratio 
r^r also gets reduced but it still remains too high. In the case 
of AHL r is also very small. As this theory is valid for the 
dirty case, / will be =£ a6 (0). With u F -10 7 cm/s this yields 
T d — 1X10 -14 s and T^r d — 10. 

Two points are to be noted about this analysis. The data 
has been fitted over the range 0.01^e^0.2 and the nonlocal 
effects have not been included. These effects apparently be¬ 
come visible at e^O.25 as shown by BMT. 

The magnetoconductivity obtained by subtracting 
A<t A l(0) and Acr MT (0) from A or f{H,T) is displayed in Fig. 
1(a) along with the calculated values of the four field depen¬ 
dent contributions. Acr MTZ has the smallest value over the 
entire e range, being less than 1% of the total A arf(H,T). 
The fit does not deteriorate when the term Act-j^z is dropped 
altogether. However the rms deviation jumps when the next 
larger term Acr ALZ is dropped. This result is in conformity 
with our previous conclusion 10 on polycrystalline YBCO 
(measured at 4 T) and with Semba et al . 6 and Matsuda et al . 9 
who also found A<r MTZ to be negligible in their magnetocon¬ 
ductivity of single crystal and polycrystalline YBCO, respec¬ 
tively, measured at 1 T. However Sugawara et al? found this 
term to be present as a substantial fraction of the total mag¬ 
netoconductivity at 13 T. Since the BMT equations predict 
each of the four contributions to be proportional to -H l , the 
relative magnitude of A cr MTZ , i.e., the ratio 
Afr MT2 /(A(TALo+Ao- MTO +Ao- ALZ +Aor MTZ ) will not increase 
with H and will be a function of e and only. In actual 
practice since Aoalq and A(t mto show some saturation at 
high fields near T c (at e=s0.015) the ratio may increase at 
such fields. For the present data the equations predict the 
ratio to be less than 1% over the entire e range of the data, 
i.e., for 0.05=56^0.2, and to remain at negligible levels even 
when is increased to =10" 13 s. The anisotropy ratio 
(Ar7 Mrz +Ao-ALz)/(A(7 A L0 + A«J MT0 4- Aot alz + Acr MTZ ) works 
out to be .5.6 at e=0.05 and A<r MTZ forms 10% of this ratio. 

The magnetoconductivity of the *=0.05 and 0.20 


samples behaves identically. The plot for *=0.05 is shown in 
Fig. 1(b). Actmtz here is also negligible and the neglect of 
this term does not alter the fits in any of these samples. 
Though the AHL theory gives reasonable estimates of r^, it 
underestimates t thus yielding a very large value for the ratio 
t^t. This ratio is similarly overestimated in the BMT dirty 
limit and underestimated in its clean limit. Only when £ c (0) 
and £ a fc(0) are taken as temperature independent does this 
theory yield reasonable estimates of t^Jt. The values are 
listed in Table I. All the parameters, viz., r^, £ c (0) and 
4b(0), etc., increase systematically with Y concentration, 
shows a slight increase with Y doping but still Acr MXZ re¬ 
mains negligible. However this increase in increases the 
magnitude of the A(t mxo relative to those of the other two. 
Instead of being the smallest term as in the Y-free sample, it 
over takes A cr^j. an d becomes the second largest term. 

In summary our analysis of the magnetoconductivity of 
Y-doped polycrystalline BSCCO suggests the absence of 
Acr MTZ contributions for the fields up to 4 T. The other three 
terms Act^o, Acr MT0 , and Aer ALZ all contribute significantly. 
Due to the absence of Ao- MTZ the validity of the Thompson 
correction could not be verified. Though BMT theory ap¬ 
pears to agree with experiments, for a better estimate of 
prior knowledge of some of the parameters, £ c (0), £„t>(0)> or 
v F , will be useful. Data further appear to favor the tempera¬ 
ture independent value of £.(0) and £ afc (0) and discard their 
functional forms given by the BMT equations. 
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Straightened voltage effect in high-T c superconductors 
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A new effect called “ac-current straightening’’ has been observed in ceramic (Bi,Pb)-2223 slabs 
carrying ac current 7 dc 4-/ ac cos(wf). The current-voltage ( I-V) characteristics of the ceramic were 
measured at 77 K at frequencies ranging from 50 to 20 000 Hz. A spectrum analyzer showed a series 
of high harmonics in the voltage signal as well as a constant voltage drop. The full set of 
experimental data has been explained theoretically using the Bean-Kim critical state model with a 
magnetic field dependent critical current j c (H)—j c ( 0)/(l +H/H 0 ). Alow transport ac current gives 
a voltage linearly proportional to the frequency and quadratically proportional to the ac-current 
amplitude 7 ac . It consists of odd harmonics only. If a bias dc current is switched on, then even 
harmonics and a dc-voltage drop appear. Their amplitudes are proportional to the small parameter 
7 ac /c77 0 and depend on the 7 dc /7 ac ratio. 


One of the main features of high-7^ superconductors is 
the very wide interval of magnetic field and temperature in 
the 77 -T diagram between the two critical fields H ci (T) and 
H i2 (T) conditioned by extremely small coherence length. 
Due to this fact and the great anisotropy of the samples, 
magnetic vortices cause the strong nonlinearity of magnetic 
and transport properties in the mixed state for high-7^ super¬ 
conductors even at very low magnetic fields and current den¬ 
sities. Strong magnetic field dependence of susceptibility and 
aharmonic diamagnetic response manifest this behavior (see, 
for example, Ref. 1). In the present article we report experi¬ 
mental observations and a theoretical explanation for a new 
effect in current transport properties. Pinning of vortices re¬ 
sults in odd harmonics in the voltage response for sinusoidal 
ac currents. Field dependence of the critical current causes 
even harmonics and a dc-voltage drop if a bias dc-transport 
current or a dc-magnetic field violate the symmetry t-* — t. 

Bulk samples of (Pb,Bi)-2223 were prepared by sinter¬ 
ing a commercial 2212+oxides precursor powder, regrinding 
and pressing it into nominally 10 mm wide bars, dc-testing 
lead to the conclusion that the critical current is limited by 
the magnitude of the magnetic self-field at the surface of the 
bar. 2 A dc-voltage signal was detected when testing using 
ac+dc currents. 3 The frequency dependence of the effect 
was examined by using an audio amplifier to increase the 
current from a frequency generator. Necking and a reduction 
in the size of the specimens were done in some cases to 
reduce the transport current required to reach the critical 
magnitude. A four point probe test circuitry was used with a 
HP 3478A microvolt multimeter to detect the dc voltage 
across the center contacts. Additional details of the nature of 
the voltage signals were observed after amplification with a 
high gain operational amplifier and a storage oscilloscope 
and the harmonics were found using a HP 3580A spectrum 
analyzer. 

A pure sinusoidal ac current gives a sinusoidal voltage 
signal from the voltage contacts until the transport current 
exceeds the dc critical current magnitude 7 C . Far above 7 C the 


shape of the voltage signal wave form changes to a more 
triangular shape due to the odd harmonics in the voltage 
signal. If a dc offset current 7 dc is added, then asymmetry can 
be observed in the V(t) curve as evidence of even harmonic 
frequencies (Fig. 1, harmonics above and below 7 C ). Another 
effect is a dc offset, so that tne curve progressively shifts 
away from the zero axis (on the oscilloscope) as the current 
is increased further. The dc voltage observed on a multimeter 
for a dc offset current, is seen to primarily depend on a shift 
of the voltage curve from the zero axis, since the deforma¬ 
tion of the wave form is not as large (Fig. 2). The transition 
for ac plus dc current testing occurs at approximately the 
same total current as for dc alone, when using the rms ac 
current and if 7 dc s=7 ac . This would indicate a common 
mechanism generating the voltage signals. To examine for 
frequency dependence in the effect, the frequency of the ac 
current was varied in the audio frequency range of 50- 
20 000 Hz by the use of .n audio power amplifier. Visible 
changes in the I-V characteristics were not observed. A 
VOM was used to measure the critical current at the transi¬ 
tion for a triangle, sine, and square wave input. The resistive 
transition occurred first for the triangle wave, then the sine, 
and last for the square wave. The VOM uses a fixed resistor 
and a constant to give the expected current, rather than mea¬ 
suring the voltage and current and the phase angle as in an ac 
watt meter. Therefore, the ratio of the peak voltage to power 
is lower for the same current for a square wave input than for 
a triangular wave form, and the transition sequence follows a 
decreasing ratio. 

We use the critical state model 4 to calculate the distribu¬ 
tions of local magnetic field h and current in an infinite su¬ 
perconducting slab (Fig. 3) carrying a transport current 
7 tI (t) = 7 dc +7 ac cos(co/) (the magnetic susceptibility for 
samples carrying dc+ac transport current has been experi¬ 
mentally studied in Ref. 5). Kim’s expression 

; c (0) 
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FIG. 1. V(t) for 50 Hz ac-transport currents as a function of time (ms) and 
the associated harmonic frequencies present (plotted as log I vs frequency 
*»)■ The lower curve in (a) is for /=2.85 A rms and shows mostly odd 
harmonics in the superconducting state. Increasing the current to /=3.51 A 
rms, middle curve in (a), distorts the wave form due to flux penetration but 
symmetry is maintained. A dc-bias current of 0.6 A dc to the middle curves 
case gives an asymmetric wave form and increases the even harmonics 
upper curve. In (b) the associated harmonic frequencies to the curves in (a) 
are shown. 



FIG. 2. V(t ) wave form for tncreasing 50 Hz ac currents, while holding I& 
nearly constant at 0.9 A Sinusoidal wave form symmetry is gradually lost as 
l K is increased in steps 4.04 A (upper curve), 4.51 A, 5.04 A, and finally 
5.30 A (rms) 



FIG. 3. Experimental setup showing the superconducting slab. The current 
is driven in the z direction. 


is used to define the field dependence of the critical current. 
Here the parameter H 0 characterizes the reduction of the 
critical current by magnetic field, and ; c (0) is a function of 
temperature. Maxwell’s equation 

dh x 47r 

jy _± T i‘ m (2) 

is solved with a standard boundary condition 

h x {df2) — ~{2irjc)I Xl (t). (3) 

Signs ± in Eq. (2) depend on the time-dependent phase 
of the transport current, and d is the slab thickness. Here and 
later on we use the linear density of transport current 
I~J/L t , normalized to the unit of slab width L x . 

The quasistatic solutions of Eq. (2) may be classified for 
three different cases. The first is a critical state realized for 
low transport currents 

WcH 0 12 tt)[ sjl + [4 TTdj c (0)/cH 0 ] -1 ]. (4) 

In this case magnetic field and supercurrents exist near 
the slab surface only. If the inequality (4) transforms to strict 
equality, then the magnetic field reaches the center of the 
slab. Higher transport currents give 

(c// 0 /2ir)[v , l+[4Trrf; c (0)/c// 0 ]-l]^f tr ^; c (0)d (5) 

for the intermediate state. In this case the supercurrent den¬ 
sity is not enough to support the total transport current in the 
slab. The slab interior is occupied by supercurrent, as before, 
but near the slab surface the normal state occurs with a uni¬ 
form normal current density higher than j c (h). If the trans¬ 
port current continues to increase, then the boundary be¬ 
tween critical and normal states reaches the center of a 
sample and 

/(r^c(O)d, (6) 

which is the normal state in the entire slab. 

We present here the final results in the limiting case 
using the critical state (4), and a low bias dc component in 
the transport current 

Ia ss/ 

1 dc 'ac> 

27r|/ tr |/c// 0 «l. (7) 
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FIG. 4. Graph of the function e, (/) in Eq (8). The dashed line represents FIG. 5. The Fourier amplitudes a g -a 5 and b ] -b s used in the evaluation of 
the zero level. e 2 (t) in Eq. (8). e 2 (t) describes the additional voltage caused by the field 

dependence of critical current vs bias dc current. 


Foi *hese conditions the electric field into the slab may 
be presented as a sum of two terms 


E(t) = 


Trl; c a> 

4c 2 ; f (0) 


7TL C 


e((/)= -sin(w/) + |sin(wf)|cos(wr) 

4 JL cos[(2£+ l)wf] 

4 -( 2 t+ i)^ 


( 8 ) 


<’ 2 ( t )-ao+ 2 [«* cos (k(»t) + b k sin(iwf)], 

k-\ 


current 7 dc appears. It is remarkable that the straightened 
voltage magnitude in E(t) is linearly proportional to fre¬ 
quency and quadratically in the low (and cubically in the 
high) ratio of the / dc // ac case for the ac-current amplitude, 
since no frequency dependence was seen experimentally. 

In summary, a new effect called ac-current straightening 
has been observed experimentally and explained theoreti¬ 
cally. Strong nonlinear dependence of shielding supercur¬ 
rents from external magnetic fields causes the occurrence of 
high harmonics in the voltage signal. The field dependence 
of the critical current leads to stratification of the sample into 
a critical state interior and a normal state exterior. Even har¬ 
monics and dc-voltage drop appear for bias dc-transport cur¬ 
rents or dc-magnetic fields. 


where e^t) is the main ac-voltage signal. The shape of the 
function is presented in Fig. 4. As can be seen from Eq. (8) it 
contains odd harmonics only. And an additional term e 2 {t) 
appears because of the dependence of the critical current on 
the local magnetic field. 1 Its contribution to E(t) in Eq. (8) is 
small, since the parameter (277(7,^/(c/foH 1 [Eq. (7)]. It con¬ 
tains both odd and even harmonics. The dependences of the 
Fourier amplitudes a 0 , a k , and b k on the parameter 7 dc /7 ac 
are presented in Fig. 5. All even harmonic amplitudes go to 
zero with / dc —*0. The item a 0 in Eq. (8) corresponds to the 
“straightened voltage drop.” It appears only when a bias dc 
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The decay of magnetization with time is recorded for a quench-melt-growth processed 
YBa 2 Cu 3 0 7 _ ;c sample. The vortex-glass and collective pinning theories fit the data quite well over 
all time regimes with an exponent, fi, value of 0.78. The normalized logarithmic magnetic relaxation 
rate, S, attains a plateau value of 0.05, considerably higher than a variety of samples which fall 
within a universal plateau curve. 


INTRODUCTION 

The understanding of the pinning mechanism is essential 
for the improvement of the critical current in high- 
temperature superconductors. A key component that deter¬ 
mines the critical current density J c and the relaxation rate of 
the magnetization S is the pinning energy U(J). Measure¬ 
ment of the magnetic relaxation M(t) has been one of the 
most popular means of investigating pinning phenomena in 
high-temperature superconductors. The relaxation of magne¬ 
tization is usually interpreted within the framework of the 
thermally activated flux flow (TAFF) over an average energy 
barrier U. In the simplified model, first proposed by 
Anderson, 1,2 U is assumed to vary linearly with the current 
density J. In general, however, a number of different com¬ 
peting mechanisms govern the interaction of flux lines and 
defects. 3 ' 7 

A number of articles have proposed varying forms of 
U(J), resulting in magnetization relaxation with time that 
obeys a logarithmic law, 2 a power law, 4 or an exponential 
law. 5 These analytical expressions can describe well the ex¬ 
perimental data over a limited time window. Our various 
YBCO samples show dependencies of A/[(ln r)] that deviate 
from straight lines at long times. More complex models, such 
as the collective pinning (CP) theory of Fiegel’man et a/. 8,9 
and the vortex-glass (VG) theory of Fisher et a/., 10 predict an 
interpolation formula of the form 

M(t) = M(0)[l + (plcT/U 0 )ln(t/t 0 )]- 1/M . (1) 

Phenomenologically, this implies a potential barrier of the 
form 

U(J)=(Uo/fi)[(J c o/Jr- 1], ( 2 ) 

where (J 0 and J c0 are, respectively, temperature dependent 
barrier height and critical current density in the absence of 
flux creep. The value of the exponent p is controversial. Its 
value has been reported to vary from 0.2 to 2.5, and others 
have even reported it to be dependent on temperature and 
applied field. 11 ' 15 

In the study reported here, we have investigated the pin¬ 
ning mechanism by measuring the kinetics of magnetization 
in a crystalline sample of YBa 2 Cu 3 Q 7 _* (YBCO or 123) 


prepared by the quench-melt-growth (QMG) process. 16 The 
sample is similar to one whose relaxation rates are described 
elsewhere. 17 The QMG sample was produced by melting a 
solid-state sintered YBCO superconductor precursor powder 
at 1450 °C, holding for 5 min before quenching the liquid 
onto a copper plate. The resultant glass was rapidly reheated 
to 1150 °C and cooled to 1000 °C at 200 °C/h. The samples 
were then cooled at a very slow rate (1 °C/h) to 940 °C in 
order to go slowly through the peritectic temperature. Below 
the peritectic temperature, the reaction Y 2 BaCu0 5 (211)+liq 
= 123 occurs, forming the superconducting YBCO phase. 
The main difference between the present sample and the ear¬ 
lier one 16 is that better temperature control was achieved 
during processing of the present sample, and the microstruc¬ 
tures of the two samples are very different. The earlier 
sample contained areas of inclusion-free single crystal 123, 
but containing parallel arrays of microcracks. During the 
rapid reheating of the earlier sample, there were temperature 
oscillations above 1150 °C by as much as 25 °C. The oscil¬ 
lations occurred during the first minute of reheating. The 
higher temperature may have caused dissolution of the 211 
particles in the melt. In contrast, for the present sample the 
temperature did not exceed 1150 °C and although it contains 
porous regions, 211 and CuO inclusions, it has inclusion-free 
single crystal 123 regions which are not microcracked. 


EXPERIMENTAL METHODS 

Measurements of the isothermal magnetization M were 
carried out for a set of temperatures T between 10 and 70 K 
using superconducting quantum interference device 
(SQUID) magnetometry. The samples were first cooled to 
the measuring temperature in zero magnetic field (ZFC). A 
magnetic field of 0.4 T was then applied, and the magnetiza¬ 
tion, M(t), was recorded as a function of time. Measure¬ 
ments of the decay of the remanent magnetization A/ [em were 
also carried out, but are not reported in this article. The re¬ 
sults for M iem were similar to those obtained for the ZFC 
procedure. 
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FIG. 1. Decay of zero-field-coo!ed magnetization vs time for T =40 K and 
H= 0.4 T (lower figure). Squares represent data and the dotted line is the fit 
using Eq. (1), with /x= 7/9. The top figure shows the residuals between the 
data and the fit. 


RESULTS AND DISCUSSION 

A typical result of the decay of the magnetization M 
versus time at T=40 K and H=0A T is displayed in Fig. 1. 
This curve (and the curves at all the other temperatures) 
shows deviations from a logarithmic law or an exponential 
law at the long times (1.4=Sf*s400 ks). The normalized loga¬ 
rithmic rate S=|t/[ln A/]/r/[ln r]| versus temperature is shown 
in Fig. 2, for a time of =1.4 h after the field was turned on. 
The time variation of |Sj is shown in Fig. 3. The sample is 
small enough for complete field penetration (verified by 
Meissner measurements) and the values of S are a suitable 
measure to compare the pinning properties of different crys¬ 
tals. For most YBCO samples, there is a universal curve in 
which |S| values attain a plateau within the range of 0.022 to 
0.038 (shaded area of Fig. 2) for the temperature interval 
==30-60 K. 18 Crystals containing only small defects show a 
low and constant S with temperature. By comparison, our 
QMG sample has a plateau with a high value of 5=0.05 
which lies outside the universal plateau curve. A high value 
of S is usually associated with the existence of extended 
defects. 19 



Temperature, K 

FIG 2. Normalized logarithmic rate S=|d[ln(A/)]/4[ln(r)]| vs temperature, 
evaluated at r = 5 ks The shaded area represents data obtained from Refs. 17 
and 18 
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FIG. 3. The time variation of the normalized logarithmic rate, |S|, for vari¬ 
ous temperatures. 


The VG and CP models fit the data quite well over the 
entire measured time range. Results obtained by fitting the 
data to Eq. (1) (see Fig. 1) indicate that /x lies between 0.7 to 
0.9 in the temperature interval 10-70 K, similar to the values 
observed by Ren and de Groot 14 for a flux-grown YBCO 
single crystal which is described as being heavily twinned 
and containing many defects. In contrast, for highly proton- 
irradiated YBCO single crystals, 11 and for melt-textured 
samples of YBCO Ref. 20, fx was found to be 0.5 at 7=10 
K, reach a peak of 1.4 at 7=30 K, and then diop back to a 
low value at 7’=60 K. 

The VG theory of Fisher et al. predicts that /x is a uni¬ 
versal exponent less than 1. The CP model of Fiegel’man 
et al. assumes weak pinning and proposes three different re¬ 
gimes of current density J and thus three different values of 
/x depending on the flux bundle size. In the three dimensional 
case, fx=\H for the high current region, /x-H2 for interme¬ 
diate J, and jti=7/9 for much lower./ values. The values of /x 
obtained for our QMG sample have an average value near 
7/9 for 10^7^70. Assigning a /x value from 0.7 to 0.9 does 
not significantly affect the goodness of fit (correlation coef¬ 
ficient r 2 =0.998) for any of the temperatures. We therefore 
analyzed all of our data for a fixed value of 7/9. This value of 
H is consistent with the VG and CP models associated with 
large vortex bundles. QMG samples can be considered as 
nearly bulk superconductors with weak links. 10 The pinning 
energy, U 0 , obtained from our fits is approximately constant 
at 0.043 eV for the temperature interval 10 to 30 K, and rises 
to over 0.1 eV at 70 K. This behavior is different than that 
found 3,21 for single crystals where U 0 continued to decrease 
as the temperature was lowered below 30 K. 

In summary, we have measured the magnetic relaxation 
of a QMG-processed YBCO crystal. We have found that CP 
and VG models fit our data quite well. The value of /x is 
controversial, with the different (x values found in the litera¬ 
ture appearing to depend on the technique of measurement 
and method of sample preparation. The data obtained here 
over a wide temperature range from either M(t) and A/, cm (r) 
is in agreement with /i=7/9 for our sample, as predicted by 
the collective pinning theory, and is consistent with the VG 
model for large vortex bundles. 
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We report detailed magnetization studies on a single crystal Nd 18 5 Ce 015 CuO 4 _ 5 superconductor in 
the magnetic field parallel to the c-axis direction. Two characteristic peaks are observed in the 
magnetization data, corresponding to surface barriers and two-dimensional (2-D) collective 
pinnings. The critical currents corresponding to the maximum and minimum widths in the hysteresis 
loops increases with decreasing temperature exponentially. We propose that the fishtail 
magnetization in this compound is due to the presence of a surface barrier and the pinning of 
collective 2-D vortices. The initial peak in magnetization is due to the presence of Bean-Livingston 
surface barriers and the larger peak in M at higher H corresponds to 2-D pinning. 


The study of vortex pinning in the high T c cuprate sys¬ 
tems is of great interest in terms of both fundamental physics 
involved and application of these materials as current- 
carrying devices. One of the many interesting features ob¬ 
served in these compounds is the so-called fishtail 
magnetization. 1 The critical current defined as the width of a 
hysteresis loop at a given temperature increases with increas¬ 
ing field. This effect has been observed in several high T c 
materials, including YBCO, BISCO, and a T1 compound. 1 ' 3 
However, the mechanism for this behavior is still controver¬ 
sial. 

In this work, we report extensive magnetic measure¬ 
ments performed on a low T c single crystal 
Nd, 85 Ce 015 CuO 4 _^ superconductor. The magnetization (A/) 
measured as a function of field shows a similar fishtail char¬ 
acteristics in //||c-axis direction. At high temperatures. M is 
nearly zero for a certain range of fields in the descending 
branch of a hysteresis loop. At low temperatures, pinning 
becomes increasingly important. The critical currents defined 
at the minimum and maximum widths of the magnetization 
loop can be well fit with an exponential temperature depen¬ 
dence, J C =J 0 exp(-7/7 0 ). We propose that the anomalous 
fishtail magnetization is due to surface barriers and pinning 
of the collective two-dimensional (2-D) vortices. 

Single crystals of Nd t 85 Ce 05 CuO 4 . 5 are grown using a 
directional solidification technique. 4 Several crystals are used 
in the measurement, with average dimensions of 1X1X0.02 
mm. Extensive measurements were made on one crystal with 
a T c of 21 K. The magnetic transition width measured at 1 G 
with zero-field cooling is about 1 K. Measurements are per¬ 
formed using a Quantum Design magnetometer with low 
field options. After de-Gaussing and magnet resetting 
(quenching), the remanent fieid is typically 5-10 mG. Mea¬ 
surements reported here are for the //||c-axis configuration. 

Shown in Fig. 1 are magnetic hysteresis loops taken at 
constant temperatures, T = 17, 13, and 7 K, respectively. The 
overall shapes are similar to each other, but some differences 
are clearly visible. At 7= 17 K, shown in Fig. 1(a), the mag¬ 
netization loop forms a complete fishtail. Three characteristic 
regimes are clearly observed in the field ascei ding branch. In 


the first regime, the magnetization decreases linearly with the 
field initially (the Meissner state); in the second regime, M 
increases sharply toward zero from the Meissner state and is 
followed by an almost constant magnetization for 50 G <H 
<100 G; in the third regime, M decreases again with in¬ 
creasing H, followed by an eventual increase to almost zero 
with an increasing field. In the field descending branch, three 
field ranges with almost-mirror-imaged magnetization are 
observed. However, in the corresponding second regime, the 
magnetization is almost zero, rather than a constant, as seen 
in the field increasing direction. At low field, the magnetiza¬ 
tion increases monotonically with the decreasing field. 

At a lower temperature, 7= 13 K, as shown in Fig. 1(b), 
the magnetization curve is somewhat different from that of 
17 K. The maximum sweeping field is increased to 1 kG. The 
relatively sharp peak in the third regime in Fig. 1(a) is re¬ 
placed by a broader M(H) dependence at this temperature. 
The magnetization in the second regime in the field descend¬ 
ing branch remains close to zero, followed by increasing M 
at a lower field. At very low temperature 7=7 K, shown in 
Fig. 1(c), the differences are more pronounced. The magne¬ 
tization at field up to 2 kG is very broad. In the descending 
branch, the minimum M is finite rather than close to zero. 

To quantify the anomalous field dependence of the mag¬ 
netization, we define several characteristic parameters. For 
each hysteresis loop, there are two well-defined critical cur¬ 
rents. One critical current J max corresponds to the maximum 
width at // max in the third regime. The other 7 mm can be 
defined, corresponding to the minimum width in the second 
regime. The critical current can be obtained by using the 
standard expression J-AM/(2r) where 
A M -1 M _ ( H ) - M +( H ) | and r is the effective radius of the 
specimen. In the following discussion, we will use Jv-AM 
and obtain the temperature dependence of J from AM di¬ 
rectly. The temperature dependence of these two widths are 
plotted in Fig. 2. The solid lines are fits to the expression of 
J=y 0 exp(-T/T 0 ), where J 0 is the zero temperature critical 
current and l/7’ 0 is the slope of the fit. The values obtained 
for 7 0 are 4 and 2 K for maximum and minimum width, 
respectively. The zero temperature critical values are the 
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FIG. 1. Magnetization hysteresis loop at (a) 7= 17 K; (b) 7=13 K, and (c) 
T =7 K in the H||c-axis configuration. 


same within the experimental errors. The inset shows the 
temperature dependence of the maximum peak field. The 
solid line is a fit to ln// max =ln// 0 -'r/T 1 , with H 0 =3 kG 
and T,=7 K. 

The crossover from the minimum to maximum magneti¬ 
zation can be characterized by a crossover field H x when M 



FIG 2. in A A/ as a function of temperature for both AAf ralx and A M m „ 
The lines are fits to lr. AM = ln AM 0 -7/7 0 The inset is a plot of In H nax 
vs T and the line is a fit to ln/f mM =ln// 0 -7'/7 1 



FIG. 3. H x as a function of temperature. The solid line is a fit to 
H x (T)=H x mi~(TIT I f] 


is in the middle of A/ min and M max . The data is very close to 
each other in both branches. The temperature dependence of 
H x is plotted in Fig. 3. At high temperature, H x increases 
with decreasing T\ at lower temperatures, H x tends to satu 
rate. The solid line is a two-variable fit to 
H x =H x (0)[\ ~(T/T X ) 2 ]. The fit gives a W x (0)-440 G and 
r,=21 K, which is exactly the same as the T c determined 
from magnetic and transport measurements. The same T ( is 
obtained from a linear extrapolation of the high temperature 
data. 

The exponential temperature dependence of J is of inter¬ 
est here. The result is consistent with a general collective 
pinning theory, with the current near its critical state. 5,6 The 
theory predicts a nonlinear logarithmic time decay of the 
current density, j(t)=j c [\+(fiT/U c )\n(\ +f/f 0 )] _l/M , where 
j c is the zero temperature critical current, U c is the barrier 
height, t is the experimental measuring time, and l/f 0 is a 
characteristic frequency. In a typical SQUID measurement, 
f = 100 s and f/f 0 ~10 10 . In the single vortex pinning regime, 
1/^=7 and j{t)-j c exp(-77T 0 ), with T f) ^U c /h\(t/' 0 ). The 
exponential dependence is only expected when j—j c . If 
j j c , the current density has a power-law dependence on 
temperature, y(r)~y c [(77t/ c )ln(f/f 0 )] -1/M . We have also tried 
to fit the critical currents with the power-law dependence; we 
obtain the exponent 1 Ifj. to be 2 and 3.8 for7 max and J min , 
respectively. However, it is noticed that power-law fit is not 
as good as that of exp(-T/r 0 ). 

The collective pinning theory predicts 1/^=7 in the 
single vortex regime; § in the small vortex bundle regime; 
and ) in the large vortex regime. It has been proposed re¬ 
cently that the fishtail magnetization is due to the crossover 
of different pinning regimes. 3 The small M is due to the fast 
relaxation of single vortices, and large M is due to slow 
relaxation in the vortex bundle regimes. However, our data 
clearly indicate lack of correspondence in the exponents l//i 
with the theory. The discrepancy suggests the inadequacy of 
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applying the model to explain the fishtail shape of magneti¬ 
zation. 

The anomalous magnetization can also be derived from a 
model where the order parameter is reduced substantially at 
the high field. For example, a region of lower T c phase can 
become a strong pinning site once the external field is of 
order of H c2 of that low T c phase. This can be realized in the 
YBCO system, where T c depends strongly on local oxygen 
stoichiometry. In the low T c Nd 185 Ce 015 CuO 4 _ ( 5 compound, 
T c does not change appreciably with oxygen content. The 
local T c fluctuation model is not appropriate here. This pic¬ 
ture is supported by the temperature dependence of the cross¬ 
over field H x If the large peak at high field were due to 
another lower T c phase, H x should be of order of H cl - The 
temperature dependence of H x would determine the T c of 
this phase. In this case, the fitted T x being exactly the same 
as that of the bulk T c indicates the absence of spurious low 
T c structures in this crystal. The temperature dependence of 
peak field H mx is in sharp contrast with the “lattice match¬ 
ing” model, where a peak in M occurs when the vortex 
density is matched with that of defects. However, in this 
model the peak field should not change with temperature. 
The exponential T dependence of H max excludes the lattice 
matching effect. 

We propose that the fishtail magnetization is a result of 
surface barriers and the pinning of correlated 2-D pancakes. 
The effects of surface barriers have been considered by 
Chikomoto and Kopylov earlier. 1,2 The difference between 
this model and the previous model is that we believe the 2-D 
nature is very important here. The minimum magnetization 
in the second regime is due to the combination of surface 
barriers and fast relaxation of single vortex lines. The in¬ 
creasing magnetization with increasing field is due to the 
slow relaxation and large pinnings of correlated 2-D vortices. 

The presence of surface barrier is evident from high tem¬ 
perature hysteresis loop measurements. 7 The rapid decrease 
in magnetization in the second regime in the //-ascending 
direction is consi stent with a surface barrier model, where 
AttM = H - Jh 2 -hI for H>H p . 8 ' 9 At low T, finite 
pinning has to be considered to evaluate M. The penetration 
field H p increases with decreasing T. The data can be fit with 
H p =H 0 exp(-T/r 0 ). The result implies that the magnetic 
penetration is in the form of 2-D pancakes rather than 3-D 
flux lines. At small field, v -rices penetrate the surface bar¬ 
riers in the form of 2-D pan. ikes. The Josephson and mag¬ 
netic interaction align the pancakes in different planes once 


they are inside. Magnetic relaxation is determined by the 
combination of surface barriers and single vortex line pin¬ 
ning. At high field, the collective pinning lengths in the plane 
L ab increases with field. If L ab is greater than the Josephson 
length, the motion of vortices will be dominated by 2-D col¬ 
lective pinnings. The collective pinning will increase the 
number of pinning centers, thus, the pinning energy and the 
effective critical current. Measurements of magnetic relax¬ 
ation as a function of field at a given temperature confirms 
the different relaxation mechanisms at different fields. 7 We 
attribute the rising of magnetization at high field to large 
collective pinning of 2-D vortices and their slow relaxation 
from a critical state. 

In summary, we have reported detailed magnetization 
studies on a single crystal Ndj g5 Ce 015 Cu0 4 _ 5 superconduc¬ 
tor. The magnetization in the H parallel to c direction shows 
the anomalous fishtail field dependence. The temperature de¬ 
pendence of characteristic critical currents J min , J max , and 
the crossover field H x rules against the 3-D collective pin¬ 
ning model, as well as the oxygen deficiency model. We 
suggest that the fishtail magnetization is due to the combined 
effect of surface barriers and collective pinning of 2-D vor¬ 
tices. 
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The critical state model for superconducting hysteresis is based on an analytical study of the 
penetration of electromagnetic fields into hard superconductors. In the literature, this study has been 
carried out for linear and circular polarizations of electromagnetic fields. In the paper, the attempt 
is made to extend this study to arbitrary electromagnetic field polarizations, which can be treated as 
perturbations of circular polarizations. Another distinct feature of our work is that this extension is 
carried out for gradual resistive transitions described by the “power law.” 


Most of the literature on the critical state model is con¬ 
cerned with scalar superconducting hysteresis. This is be¬ 
cause the study of vector hysteresis requires the investigation 
of penetration of electromagnetic fields into superconductors 
for the case when these fields are not linearly polarized. This 
is a very difficult analytical problem that requires the solu¬ 
tion of coupled nonlinear partial differential equations. This 
problem has been solved only for circular polarization in the 
case of ideal (sharp) resistive transition, 1 as well as in the 
case of gradual resistive transition 2 described by the “power 
law.” 

In this paper, we consider vectorial polarizations of elec¬ 
tromagnetic fields that can be treated as perturbations of cir¬ 
cular polarizations. We also consider gradual resistive transi¬ 
tions that are usually described by the following “power 
law:” 


polarized plane wave. By using the Maxwell equations, we 
find that the distribution of electric field in half-space z>0 is 
governed by the following coupled nonlinear partial differ¬ 
ential equations: 

d l E x dJ x (E x ,E) d 2 E dJ y {E x ,£) 

— It —' SF =li ‘ — 7t —' (4) 

subject to the boundary conditions 
dE x 

— (0 ,t) = -(j. 0 H m [u cos(wf+y) + e/ y (r)], (5) 

dE v 

~ (0,f) =-/io H m [a> sin {wt+y) + ef x {t)], (6) 

£,(«>) = £ y (co) = 0. (7) 


E~(J/k) n (n> 1). (1) 

Here £ is an electric field, J is an electric current density, 
and k is some parameter that coordinates the dimensions of 
both sides in Eq. (1). 

In the vectorial form, the power law can be written as 
follows: 

J x =k(\jEl+E i y ) Vn ~'E x , J y -k(\fEl+Ey) ]ln ~ l E y . 

( 2 ) 

The exponent “n” is a measure of the sharpness of the 
resistive transition and it may vary in the range 4-1000. At 
first, the power law was regarded only as an empirical de¬ 
scription of the resistive transition. Recently, there has been a 
considerable research effort to theoretically justify the power 
law. The related discussion can be found in Refs. 3-5. In this 
paper, the power law is used as a constitutive equation for 
hard superconductors. 

To start the discussion, consider a plane electromagnetic 
wave penetrating superconducting half-space z>0. The mag¬ 
netic field on the boundary of this half-space is specified as 
follows: 

H x (0,t) = H m [cos(a)t+y) + ef x (t)], 

H y (0,t) - H m [s\n(u)t + y) +ef y (t)), (3) 

where e is some small parameter, while f x (t) and f y (t) are 
given periodic functions of time. It is apparent that this plane 
wave can be construed as a perturbation of the circularly 


Next, we shall look for the periodic solution of the boundary 
value problem (4)—(7) in the following form: 

E x (z,t)=E° x (z,t) + ee x (z,t), 

Ey(z,t)=E n y (z,t) + eey(z,t). 


By substituting expressions (8) into Eqs. (4) and boundary 
conditions (8), and equating the terms of like powers of e, we 
arrive at the following boundary value problems for E x , £ y 
and e x , e y : 


d 2 E° x dJ x (E° x ,E°y) d 2 E°y dJy(E x ,Ey) 
J -.2 Mo •), > -1,2 Mo a. 


dE° x 

— (0 ,t)=-wp 0 H m cos(o>r+y), 


dE° 





(10) 



w/xo H m sin(wr+y), 



£?("■)=£ 

°(oo 

y y 

)=o, 



(11) 

d 2 e x 

d 1 

( dJ x n n 

dJ x 

\ 


o 

Jt ' 

i t iE *,E> X + 

OEy 

(E° x ,E°y)e y 

), (12) 

t? 2 e v 

d , 

dJ 

dJy 

(E° x ,E 0 y)e y 

1 


y _ 

Jt ' 


y 

dy 

1, (13) 
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(24) 


(o,o =-mo(°> f )=MoH m /;(o, 


e,(°°) = e y («>) = 0. (15) 

The boundary value problem (9)—(11) describes the penetra¬ 
tion of a circularly polarized plane wave into the supercon¬ 
ducting half-space. The solution of this problem has been 
found in Ref. 2. For the case when the initial phase, y, is 
such that the initial phase of E° on the boundary (z=0) is 
equal to zero, this solution is given by the following expres¬ 
sions: 


<p(z,t)=e x (z,t)+ie y (z,t), 

ifi(z,t)=e x (z,t)-te y (z,t). 

By using these state variables, and some simple transforma¬ 
tions, we can represent Eqs (22) and (23) in the following 
form: 




E x (z,t)=E„^l~— cos [<tit+e(z)], 


l-n I z \ 2 d 1+n 
2 n \* z 0 ) dt l-n ^ 


1 l-n I z \ 2 d 1 + n 

= /i 0 J t [— n + 


\®' 


/ z \ ~ ,2a " 


| sin[rot+ 6»(z)], 

(17) 

+ ( 1_ d e_i2 " v 

(26) 


_ 4 V2n(n + l)(3n + l) 2 
° V"M0^m(«-l) ’ m ” 

6(z) = a" ln(l-z/z 0 ), 

2 n Jlnin + l) 


2 n \/2n(n + l) 

( 20 > 

and E m can be found from the equation 
\a' + ia"\ 

= ! - -E m . (21) 

(O/J. 0 Z 0 

By substituting (16) and (17) into Eqs. (12) and (13) and by 
using expressions (2), after simple but somewhat lengthy 
transformations we arrive at t ie following equations for e x 
and e y : 


d 2 e x {z,t) 


z \ 2 d |7 1 +n 


dt \ 2n 


= Mo°J 1- 


+ ~ 2 ^~ cos [2wt+20(z)] 1 e x (z,t) 


l-n 

+ * 2 ^“ sin[2w/+20(z)]e > .(z,r) 


0 2 e y {z,t) 

dP 


/1 + n l-n \ 

+ ^- — cos[2<ot + 20(z)]je y (z,t) . (23) 

Equations (22) and (23) are coupled linear partial differential 
equations of parabolic type with a variable in time and space 
coefficients. We would like to find the periodic solutions of 
these equations, subject to the boundary conditions (14) and 
(15). To this end, we introduce new complex valued state 
variables: 


Assuming that functions f x (t ) and f y (t) in boundary condi¬ 
tions (14) are function of half-wave symmetry (the case that 
is usually of the most practical interest), we conclude that 
e/z,t) and e y {z,t ) will also be the functions of half-wave 
symmetry. For this reason, we will use the following Fourier 
series for <p(z,f) and i/(z,/): 


i(2*+ l)a)f 


<p(z,t) = 2 <P 2 k+i(z)e 


<Kz,t)= 1 <1*2 *H(2)e' (2t+,)a ". (28) 

It is clear from (24), (27), and (28) t N at 

<P2*+i( z ) = ^-2*-i(z)» #>*+i(*) = < P-2*-'(2). (29) 

where the superscript “ * ” means a complex conjugate quan¬ 
tity. 

By substituting (27) and (28) into (25) and (26), and by 
equating the terms with the same exponents, after simple 
transformations we derive 

L A 1 <i 2 <p 2 k+\ 

V~tJ ~sf- 


~‘X2k+l at P2k + \~ ^ 1 “ —J fak-l > 


\ 2 d f 1 -n 


] dt 2n s,n [2«/+20(z)]e x (z,r) 

( 1 -) 

\ z ol 


= *>2*—l[«^2/t—1 + ^1 —“ j ?2*+lj 

(k =0,±1,±2,...), 

where we have introduced the following notations: 

1 +n l-n 

a= JZ^’ Ar2*+i = (2*+l)«^ 0 (7 m 
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Thus, we have reduced the problem of integration of partial 
differential equations (25)-(26) to the solution of infinite set 
of ordinary differential equations with respect to Fourier co¬ 
efficients <f> 2 k+\ and The remarkable property of these 
simultaneous equatkvS is that they are only coupled by 
pairs. It allows one to solve each pair of these coupled equa¬ 
tions separately. After <P 2 k+ j and ifo k -! are found, we can 
compute <f{z,t) and iftz,t), and then e x (z,t) and e y (z,t). 
Another simplification is that according to (29) it suffices to 
solve coupled equations (30) and (31) only for non-negative 
values of k. 

We shall seek a solution of the coupled equations (30) 
and (31) in the form 


( P2k+l( z )~A-2k+l\l~ ~j ) 


1“ ~ 

\ *0, 


By substituting (33) into (30) and (31), we end up with the 
following simultaneous homogeneous equations with respect 
t0 -^2i+i and B 2 k-i- 

{p 2 -p-ixik+ i 2 2 o °) a 2 k+ 1 - iX 2 k+i 2 2 o B 2 k-\~ 0, (34) 

-iX2k-izl A 2k+\ + [(P-i2<x") 2 -(P-iZ<x") 

-iX2k-\Z 2 o“] B 2k-i = 0- (35) 

The above homogeneous equations have a nonzero solution 
for A 2k +1 and B 2 *~i if and °nly if the corresponding deter¬ 
minant is equal to zero. This yields the following character¬ 
istic equation for ft. 

(ft 2 -(3-iX2k+izla)l(P-i2<x") 2 -(ft-i2a") 

- iX 2 k-1*1“] + X 2 k+ 1 X 2 k- i 2 o=0. (36) 

From expressions (32) and (18), we find 


Xlk f l z 0 a “ 


(2k+l)(3n + l)(n + l) 
(«-l) 2 



4 _ 

X2k+iX2k- l z 0~ 


(4k 2 -l)(3n +l)(/t +1) ln +1 
(n-1) 2 V^r 


From the last two expressions, we conclude that the coeffi¬ 
cients of the characteristic equation (36) depend on the ex¬ 
ponent, n, of the power law and k. Consequently, the roots of 
this equation also depend only on n and k. It can be proven 
that the above characteristic equation has two roots ft\(n,k) 
and ft(n,k) with positive real parts. After these roots are 
found, the solution of coupled equations (30) and (31) can be 
represented in the form 

?W z )=A$ +1 (l- ^j Pl+A 2kh[ 1 - (39) 


I z \Pi-i 2 a" 
l i , 2 k-\( z ) =B 2 k-\\ 

+B 2*-i(l--) , (40) 

where, for the sake of notational simplicity, we have omitted 
the dependence of ft and ftonn and k. 

From boundary conditions (14) and expressions (24) and 
(34), we obtain the following equations for A$ +1 , A$ + i> 
and 2?$.,: 

Pl z (Au+\ + ($2 z (A 2*+1 = fy,2k+l + */x,2*+l)> 

(41) 

(ft ~ i2a") Zo B[\l , + U3 2 -i2a")z 0 B {2) _, 

= f l oHm(~f'y,2k-l-ifx,2k-\)’ (42) 

(P\~ ~ iX2k+ \ z o a )A 2 V+1 — 1 X 2 k+ i z o#2/t -1 = 0> (43) 

(02~ ft~iX2k+\ z 0 a )A2k +1 — iX2k+ l z 0#2*~1 = (44) 
where f' Xt2k +\ and fy t2k +1 are complex Fourier coefficients 
of /' and f y . 

By solving simultaneous equations (41)-(44), we can 
find coefficients A$_ j, Aand Then, by 
using (39), (40), (27)-(28), and (24), we can determine per¬ 
turbations e x (z,t) and c y (z,t), which, in turn, can be used in 
<"8) to compute the total electric field. 

In conclusion, consider the particular case when 

/ x (f) = cos tot, f y = sinu)t. (45) 

This case corresponds to elliptical polarization of the inci¬ 
dent field. It is easy to see that in this case, the right-hand 
sides of Eqs. (41) and (42) are equal to zero for all k except 
k=l. This means that only first and third harmonics are not 
equal to zero. We have reached this conclusion, because we 
have considered only first-order perturbations with respect to 
e. If we consider higher-order perturbations with respect to e, 
we shall recover higher-order harmonies of the electric field. 

From the purely mathematical point of view, it is re¬ 
markable that the solution of coupled equations (22)-(23), 
corresponding to the boundary conditions (14), (15) and 
(45), contains only the first and third harmonics. Probably, 
this is because the coupled PDE’s (22) and (23) have inher¬ 
ited some symmetry properties from the unperturbed prob¬ 
lem, corresponding to the circular polarization of the incident 
wave. 

Finally, we note that in the limiting case of n -><», we 
obtain from the presented formulas the distribution of elec¬ 
tromagnetic fields for ideal (sharp) resistive transition. 
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Proximity effect in MBE-grown superconducting/spin-glass multilayers 
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We have grown epitaxial superconductor/spin-glass multilayers, Nb/CuMn, as well as 
complimentary nonmagnetic Nb/Cu multilayers by molecular beam epitaxy. To probe the interaction 
of superconductivity and magnetism, we measured the resistivity and ac susceptibility as a function 
of temperature for multilayers of nominally constant Nb thickness and varying normal-metal 
thickness. The reduction of the transition temperature of the Nb/Cu multilayers with increasing Cu 
thickness is in excellent agreement with the de Gennes-Werthamer proximity effect theory. The 
inclusion of Mn in the Cu causes a significant additional suppression of the transition temperatures 
relative to the Nb/Cu multilayers. The extension of the de Gennes-Werthamer theory to include the 
effects of random magnetic impurities agrees well with the data from the Nb/CuMn multilayers for 
small CuMn layer thicknesses. However, deviations occur at the largest CuMn thicknesses studied. 

These deviations between the data and theory may be due to a decoupling of the Nb layers, as a 
result of the spin-glass ordering, causing a three-dimensional to two-dimensional crossover. 


I. INTRODUCTION 

The coexistence of superconductivity and magnetism has 
been the focus of many studies over the years, because mag¬ 
netism is, in general, detrimental to the superconducting 
state. Nonetheless, ferromagnetism and antiferromagnetism 
have been shown to coexist with superconductivity. 1,2 Super¬ 
conductivity can also coexist with spin-glass materials in 
which the localized impurity spins interact through the con¬ 
duction electrons. Below the spin-glass freezing temperature, 
the spins can be considered frozen in the random direction of 
the local magnetic field instead of forming any long-range 
magnetic order. 

While most of the work to date on the interaction of 
magnetism and superconductivity has been on bulk alloys 
with magnetic impurity substitutions, there has been some 
more recent work on artificial structures, namely, 
multilayers. 3 To date, the majority of the superconducting/ 
magnetic multilayers have been fabricated in high vacuum 
systems (10~ 7 -10~ 8 Torr) using sputtering, electron beam, 
and/or thermal evaporation. Our work utilizes molecular 
beam epitaxy (MBE) techniques (10 -1 °-10~ 12 Torr) in order 
to fabricate high-quality multilayers with improved proper¬ 
ties. 

We chose to study the interaction of magnetism and su¬ 
perconductivity in the Nb/CuMn multilayer system, where 
CuMn is a well-studied spin-glass system. Due to finite size 
effects, 4 the spin-glass freezing temperature, T f , where the 
magnetic moments locally align, scales with the thickness of 
the CuMn film. The Nb transition temperature also depends 
on film thickness, decreasing from the bulk value as the film 
thickness is reduced. These two effects allow us to tailor the 
multilayer system, such that either T c or T f is higher. This 
allows the interplay of the two phenomena to be studied. 
Work on sputtered Nb/CuMn multilayers has been recently 
reported. 5 ' 6 We have also deposited the complementary 
Nb/Cu multilayer system as a nonmagnetic baseline refer¬ 
ence for comparison. 


II. EXPERIMENTAL PROCEDURES 

The multilayers were grown in a Perkin-Elmer 433-S 
MBE system with a base pressure of ~5X10 -11 Torr. In situ 
reflection high-energy electron diffraction (RHEED) and 
low-energy electron diffraction (LEED) were used for struc¬ 
tural characterization. The Nb and Cu are deposited using 
separate electron beam guns, while the Mn is deposited from 
an effusion cell. The multilayers are grown on Si(lll) wa¬ 
fers. The wafers are first dipped in a 2% HF acid solution 
and then immediately annealed to 850 °C in the MBE sys¬ 
tem. RHEED is performed on the substrate to check the qual¬ 
ity of the resultant 7X7 Si(lll) reconstruction. The recon¬ 
struction is a good indication of a high-quality impurity free 
surface. We then grow a 40 A epitaxial fee Cu(lll) buffer 
layer on the Si wafer once it has cooled to room temperature. 
The buffer layer is a necessary seed to grow bcc Nb(110). 
Using this technique, the Nb and the Cu layers grow epitaxi¬ 
ally with their densest packed planes parallel to the substrate. 
RHEED is again employed during the growth of the bu^er 
layer to monitor crystal quality. 

During all depositions, the substrate is rotated at 10 rpm 
about its normal to enhance the uniformity of the films. The 
pressure in the MBE system during the multilayer deposition 
is in the 2-5X10 -9 Torr range. The Nb is deposited first at a 
rate of 0.6 A/s followed by a Cu deposition at a rate of 0.3 
A/s. For Nb/CuMn, the CuMn layers are formed by a 
codeposition of Cu at a rate of 0.3 A/s and Mn at 0.021 A/s, 
resulting in a spin-glass having seven at. % Mn. Again, we 
use RHEED to probe the top surface of the multilayer to 
confirm epitaxial growth. All the multilayers consist of ten 
bilayers, in which the thickness of the Nb layers was con¬ 
stant at nominally 230 A and the normal-metal thickness was 
varied. The actual layer thicknesses of each of the multilay¬ 
ers was determined from the Rutherford backscattering spec¬ 
troscopy (RBS). In Table I, we present the measured layer 
thicknesses, the expected spin-glass freezing temperatures 
and the measured multilayer transition temperatures for this 
series of multilayers. 
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TABLE I. Multilayers design parameters. 



d,{ A) 

d„ (A) 

Tf (K) 

T c ( K) 

Nb/CuMn 

232 

3.3 

2.6 

8.57 


220 

7.25 

5.1 

7.79 


245 

9.6 

6.1 

7.59 


217 

19.6 

11.4 

5.69 


223 

29.2 

15.2 

4.69 


239 

53 

20.2 

4.62 


231 

84.3 

23.8 

4.53 


230 

106.5 

26.7 

4.85 

Nb/Cu 

278 

8.4 


9.19 


257 

24 


8.93 


247 

61 


8.49 


Low temperature measurements were performed using a 
charcoal-pumped 3 He cryostat. Both the resistance and the ac 
susceptibility measurements were simultaneously measured 
using ac lock-in techniques. A calibrated Ge thermometer in 
close thermal contact to the samples was used to measure the 
temperature. The superconducting transition temperatures of 
the multilayers are determined upon cooling from the onset 
of the susceptibility transition. 

III. RESULTS AND DISCUSSION 

High and low angle x-ray diffraction are performed on 
each multilayer. From the high angle x-ray diffraction scans, 
we find the Nb grows in the (110) orientation, and the Cu or 
CuMn grows in the (111) orientation, as expected. We 
present, in Fig. 1(a), the high angle x-ray scan, and in Fig. 
1(b), the low angle x-ray scan for a Nb(239 A)/CuMn(53 A) 
multilayer. The high angle scan is representative for all the 
multilayers made. From the peak positions in the high angle 
scans, we find the Nb lattice constant is compressed by less 
than 2% relative to bulk Nb, while the Cu lattice constant is 
expanded by less than 1% relative to bulk Cu. Low angle 
x-ray diffraction was also performed as a check on the 
multilayer quality and to obtain an additional measure of the 
bilayer thickness. This Value was then compared to the re¬ 
sults obtained from RBS. Multilayer Bragg peaks are seen in 
the low angle scans for multilayers with a Cu or CuMn thick¬ 
ness of 9 A or greater. Fitting of the low angle x-ray scans to 
a Fresnel-type optical model yields values for the interfacial 
roughness of less than 8 A. This agrees well with the maxi¬ 
mum top layer roughness, as determined by atomic force 
microscopy. 

The relevant theory to describe the superconducting 
properties of our Nb/Cu multilayers is the de Gennes- 
Werthamer 7 theory. It applies to the case when the materials 
in the superconducting/normal-metal sandwich are in the 
dirty limit. This theory requires the coherence length, , of 
each material be smaller than the layer thickness, d ,, and the 
mean-free paths, /,, of each material be smaller than the 
coherence length. The extension of this theory to include 
magnetic impurities in the normal metal was done by Hauser, 
Theuerer, and Werthamer. 8 The equations that relate the 
physical parameters of the individual materials to the transi¬ 
tion temperature, T c , of the multilayer are given in i he paper 
by Banerjee. 0 




As a verification of our Nb film quality, a thick Nb film 
was grown and T c determined. For an 860 A Nb film grown 
on a 40 A Cu buffer layer, T c =9.27 K, in good agreement 
with the transition temperature of bulk Nb. Thus, we can rule 
out the possibility of localization effects 10 and lifetime 
broadening of the density of states 11 as a cause of the reduc¬ 
tion in T c in our multilayers. 

In Fig, 2, we show the transition temperature of our 
multilayer series as a function of normal-metal thickness. 
The upper data set (squares) is for the Nb/Cu multilayers, 
while the middle set (diamonds) is for the Nb/CuMn series. 
Applying the de Gennes-Werthamer theory to the Nb/Cu 
multilayers yields excellent agreement between the measured 
and calculated values for T c with no adjustable parameters. 
The calculated values are within 0.02 K of the measured T c 
values for all three of the Nb/Cu multilayers. The inclusion 
of Mn in the Cu layers causes a dramatic decrease of the 
transition temperature of the Nb/CuMn multilayers, as ex¬ 
pected for these magnetic atoms. 

When a dilute concentration of randomly oriented and 
distributed magnetic moments are included in the normal- 
metal. the equation relating T c to the relevant physical pa¬ 
rameters is modified by the inclusion of an electron relax¬ 
ation time due to the magnetic pair breaking. Strictly speak- 
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FIG. 2. Transition temperatures of the multilayers as a function of normal- 
metal thickness. 

ing, the extension of the de Gennes-Werthamer theory to 
include random magnetic impurities should not apply to our 
multilayers with thick CuMn layers, where the Mn moments 
locally order. Applying the theory to the multilayer with a 
CuMn layer thickness of 3.3 A, where Tf<T c , and where 
the theory is most likely to be valid, yields a reasonable 
value for the electron relaxation time, t s , of 9.6X10 -15 s. 
Using this value of t s as an input for the theory, we can 
calculate T, values for the other multilayers. This yields the 
cross points marked theory in Fig. 2. The theory is in good 
agreement for the first four data points (the theory is set 
equal to the first data point), but then falls well below the 
measured values at larger thicknesses. Cleariy the magnetic 
extension of the Werthamer theory fails to describe all the 
data. 

For those multilayers with T f >T c , where the Mn mo¬ 
ments are in a locally more ordered state, one would expect 
a greater suppression of T c than predicted by the random 
magnetic impurity model. This is not the case. It is interest¬ 
ing to note that the deviation between the data and the theory 
begins near the CuMn thickness, where Tf becomes larger 
than T c . In addition, as the CuMn layer thickness is in¬ 
creased, a three-dimensional to two-dimensior.al crossover 


decoupling the Nb layers is expected. Further work is needed 
to determine if the deviations from the theory are a result of 
a dimensional crossover or are driven by the spin-glass or¬ 
dering of the CuMn. Parallel critical field measurements are 
now underway to investigate at what normal-metal thickness 
the three-dimensional to two-dimensional crossover takes 
place. 

IV. CONCLUSION 

We have grown epitaxial spin-glass/superconductor mul¬ 
tilayers of Nb and CuMn, as well asjhp nonmagnetic Nb/Cu 
multilayers using MBE. The suppression of T c for the Nb/Cu 
multilayers is in excellent agreement with the de Gennes- 
Werthamer proximity effect theory, without the complication 
of localization or lifetime broadening of the density of states. 
At small CuMn thicknesses, the additional depression of T c 
caused by the inclusion of Mn in the Cu can be described by 
the extension of the de Gennes-Werthamer theory for ran¬ 
dom magnetic impurities. The data and theory disagree for 
the larger CuMn layer thicknesses. This may be due to a 
three-dimensional to two-dimensional crossover decoupling 
the Nb layers, and is currently under investigation. 
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Heterodyne microwave mixing in a superconducting YBa 2 Cu 3 0 7 _ x copianar 
waveguide circuit containing a single engineered grain boundary 
junction 

R. G. Seed and C. Vittoria 

Department of Electrical and Computer Engineering, Northeastern University, Boston, Massachusetts 02115 

A. Widom 

Department of Physics, Northeastern University, Boston, Massachusetts 02115 

The purpose of this work was to utilize the nonlinear current-voltage properties of induced grain 
boundaries in high temperature superconducting YBa 2 Cu 3 0 7 _ i thin films to fabricate a planar 
microwave miller. The experiment involved constructing a copianar waveguide microwave circuit, 
the center conductor of which had a constriction patterned in it containing a single high angle grain 
boundary, thus forming a weak link junction. Analysis was provided by use of the resistively 
shunted junction model with excess current. 


I. INTRODUCTION 

Sufficient precedent exists, as a result of previous work 
in years past on low temperature superconducting mixers, 
which provides the motivation for conducting extensive re¬ 
search in microwave and millimeter wave mixers using high 
temperature superconductors. For example, theoretical calcu¬ 
lations on lower bounds on noise temperature have been de¬ 
termined for superconducting-insulator-superconducting 
(SIS) mixers employing quasiparticle -.unneling. 1 These theo¬ 
retical limits have been approached experimentally, provid¬ 
ing noise temperatures below those currently available in 
semiconductor devices. 2 At least one experimental result has 
demonstrated a positive conversion gain using low tempera¬ 
ture superconducting tunnel junctions. 3 

Since the introduction of high temperature superconduct¬ 
ors, several reports of mixing have appeared. Some of these 
measurements were performed using the transition resistance 
occurring above the temperature at which the dc resistance 
falls to zero. 4 Other successful experiments in mixing have 
been reported using materials other than YBa 2 Cu 3 0 7 _ I 
(YBCO). 5 Microwave mixing using YBCO and employing 
weak link effects, have been reported. These devices contain 
weak links involving polycrystalline materials with multiple 
randomly oriented grain boundaries or involving step edge 
junctions. 6 ' 9 Some of these devices, indeed, have shown re¬ 
markable results in terms of conversion loss in mixing at 
microwave frequencies. 10 

The purpose here has been to construct truly planar su¬ 
perconducting YBCO mixers employing artificially induced 
grain boundaries with predictable angles, and to characterize 
these grain boundary mixers by employing suitable physical 
models. 

II. EXPERIMENTAL DETAILS 

The starting material was an epitaxial YBCO thin film, 
which was grown by laser ablation deposition on a bicrystal¬ 
line SrTi0 3 substrate. 11 This substrate was composed of two 
crystals joined together with an interface that formed a 36.8° 
angle. 

The copianar waveguide circuit was patterned on this 
thin film, such that a 30 pm wide microbridge was formed, 


which spanned the bicrystal boundary, and thereby induced a 
single grain boundary in the microbridge, as is evident in the 
mixer circuit depicted schematically in Fig. 1. The pattern 
was obtained by conventional wet etching. 

This procedure resulted in circuits with constrictions that 
would contain a single grain boundary with an angle of 
36.8°. Such circuits exhibit greatly reduced critical current 
densities and weak link properties. 12,13 

The etched circuit was mounted on an acrylic block, and 
the copianar waveguide was connected to 50 f l cables by 
means of SMA to microstrip launchers. The dc probes for 
applying bias current and measuring the voltage were com¬ 
posed of stainless steel spring loaded contacts, which mated 
with the surface of the center conductor in the circuit. This 
configuration is also shown in Fig. 1. 

Output from the two microwave sources used for mixing 
could be independently adjusted in power and frequency. 
The signals were combined in a directional coupler, and then 
passed through a dc block and into the device. The output 
signal passed through the output launcher from the device 
and through a second dc block into a high gain spectrum 



FIG. 1. Schematic drawing of copianar waveguide YBCO mixer circuit 
showing the substrate bicrystal interface, the location of the microbridge 
constriction with respect to the bicrystal interface, the bias contacts, and the 
microwave SMA launchers 
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FIG. 2. Schematic diagram of the experimental microwave mixer test appa¬ 
ratus. 

analyzer. The experimental apparatus is depicted in Fig. 2. 

First, current versus voltage characteristic curves were 
obtained for the junction, in the absence of microwave en¬ 
ergy, and recorded. When the junction was driven by the 
local oscillator, with microwave energy, current steps were 
produced in the current voltage characteristic curve. These 
steps appeared at voltages that were integral multiples of the 
flux quantum times the frequency. Both characteristic curves 
are overlaid in Fig. 3. The current steps, evident in Fig. 3, 
were the basis for adjustments of the current bias levels, and 
were the nonlinear contribution of the circuit, which was 
utilized for down-conversion mixing. 

III. THEORETICAL MODELING 

Modeling of the coplanar waveguide circuit involved the 
use of some approximations of the standard equations. 14 Ap¬ 
proximate values for the transmission line characteristic im¬ 
pedances were obtained using the value of e r =9190, ob¬ 
tained from published data 15 and a value of tan 5=0.03 
obtained from literature. 16 From the characteristic imped¬ 
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FIG. 3. Current voltage characteristic curves for YBCO grain boundary 
weak link junction. Dotted line is without rf signal. Solid line with rf energy 
at 8.7 GHz. 


ances, together with the transmission line dimensions, and by 
using transmission line matrix methods, it was possible to 
calculate the input impedance of the transmission line at the 
signal frequency and the local oscillator frequency. The 
value obtained was found to be Z ws = 1.368-/0.116 and 
Zin,lo = 1-396+y'O.C 44. Using the input impedances and 
the transmission line matrices, together with the knowledge 
of the input signal power and input local oscillator power, it 
was possible to estimate the respective currents on the mi¬ 
crobridge portion of the transmission line. This was found to 
be 7$= -555.8 X 10 _6 -;562.4X10 -6 A and/ t0 =483.8 
X10" 6 +;T87.5X10 -6 A. 

With an estimated value of the currents due to the two 
input microwave signals, and a knowledge of the bias cur¬ 
rent, a calculation for the output current level was obtained 
using the following two equations: 

I=I C sin <f> (1) 

and 

h d<f) 

- — -j^ = Rf/(lB + ho cos w z.o f+ ^s cos w s*~7 o 

-I e sin <j>). (2) 

Equations (1) and (2) are recognized as the Josephson rela¬ 
tions used in the resistively shunted junction model for the 
shunted Josephson junction, with excess current, 7 0 , 17 7 fl is 
the dc bias current, 7 0 is the superconducting excess shunt 
current, R N is the normal mode resistance obtained from the 
characteristic curves, and q is the superconducting pair 
charge. These equations were solved numerically using the 
technique of Runge-Kutta in double precision and then sub¬ 
ject to a discrete Fourier transform to extract the harmonic 
content. These calculations yielded the result for the magni¬ 
tude of 7, f , the current of the intermediate frequency at the 
junction, which was 7 lf =4.25X10~ 6 A=3.00X10 -6 A 
(rms). The calculated value of 7, f was then used again in the 
matrix representation of the transmission line using imped¬ 
ances determined at the intermediate frequency. The result 
was an output power of -82 dB m. 


IV. RESULTS AND DISCUSSION 

When the circuit was dc current biased near any one of 
the current steps, and when both the microwave local oscil¬ 
lator and the microwave signal were applied, an intermediate 
frequency was observed at the difference frequency. In the 
experiments, the local oscillator was at 8.7 GHz and the sig¬ 
nal frequency was at 7.7 GHz, therefore the difference fre¬ 
quency was measured at 1.0 GHz. The input signals are 
shown as an inset in Fig. 4 and output intermediate fre¬ 
quency is shown in Fig. 4. 

It was determined that the conversion loss of the mixer 
was dependent upon the input power and the bias current. 
Approximate relative values of conversion gain are shown in 
Fig. 5. It was evident during the experiment that mixing was 
absent for bias values between steps, whereas the i.f. signal 
was maximum when the bias current was located within the 
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FIG. 4. Output intermediate frequency, i.f., signals at temperature 45 K, 
with dc current bias of 0.78 mA. Input microwave signals are shown in the 
inset. 


range of values of the current steps. The smallest conversion 
loss appeared at current values corresponding to the n = ± 1 
steps. 

The bias current levels were theoretically and experi¬ 
mentally observed to provide mixing when biased at the 
steps. The measured conversion loss agrees with the theoreti¬ 
cal calculation to within 3 dB. 



-3-2-IOI23 

Bias Current (mA) 


FIG. 5. Approximate experimental values of conversion gain for YBCG 
grain boundary mixer at 7=45 K vs bias current. Values are relative to the 
minimum conversion loss at 0.78 mA bias current. 


V. CONCLUSION 

The coplanar waveguide geometry allowed the fabrica¬ 
tion of a high frequency transmission line in one plane. This 
eliminated the need for copper grounding blocks, and al¬ 
lowed the circuit to be fabricated using standard wet etch 
technology. Thus, there is potential use in monolithic micro- 
wave integrated circuits. 

The use of engineered grain boundary junctions pro¬ 
vided the opportunity to characterize the intrinsic operation 
of the weak link junctions used as mixers. It allowed the 
reproducible fabrication and testing of weak link junctions 
with similar results, since the grain boundary angles could be 
assured during their construction. However, by using SrTiO-, 
substrates, the resulting embedding impedances limited the 
amount of i.f. power efficiently coupled to the output. 

Using the resistively shunted junction model with excess 
current, it was possible to mathematically model the opera¬ 
tion of superconducting grain boundary mixers using the co¬ 
planar waveguide configuration. The calculations are in ex¬ 
cellent agreement with the measured results, and should 
provide insight in further developments. 
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Superconducting YBa 2 Cu307_ x /Y 4 Ba309 multilayers: Field independent 
critical current and dimensional crossover (abstract) 

Jun-Hao Xu, A. M. Grishin, and K. V. Rao 

Department of Condensed Matter Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden 

A new class of c-axis-oriented YBa 2 Cu 3 0 7 _ X /Y, 4 Ba 3 0 9 (YBCO/YBO) multilayer films with YBCO 
and YBO individual thicknesses ranging from 24 to 156 A have been fabricated by a single target 
on-axis biased rf magnetron sputtering technique on LaA10 3 (001) substrates. SQUID dc magnetic 
measurements reveal a striking feature of magnetic field independent critical current j c (T ) from 5 
K to almost near superconducting transition T c . For thin YBCO layer thickness the magnitude of j c 
is found to decrease as (1 -T/T c ) z , and exponentially with the thickness of the isolating spacer 
YBO. It is distinctly shown that j c (T ) in the (a,b) plane is determined by interlayer Josephson 
current. All the SQUID data for the temperature dependencies of magnetization for a few families 
of multilayers with thin YBCO layers are shown to scale and collapse into a single universal 
behavior consistent with a model of “slipped out pancake vortices in Josephson coupled 
heterostructures.” On approaching T c , the characteristics of critical current j c change gradually from 
the field independent behavior to another dependence similar to an ordinary H~ 112 dependence 
typical for collective pinning of the vortex lattice in the YBCO single layer film. This suggests that 
a dimensional crossover takes place when the quantum coherence between individual YBCO layers 
sets. The crossover temperature is found to depend on the multilayer period and individual 
thicknesses of superconducting and isolating layers while a linear temperature dependence of j c 
appears for multilayers with thick YBCO layers. 


Schematic frictional model for interacting vortices in an isotropic 
superconducting plate (abstract) 

J. S. Kouvel a) and S. J. Park 

Department of Physics, University of Illinois, Chicago, Illinois 60680 

In the simple model proposed, repulsive intervortex forces are balanced by containing forces 
produced by the external field ( H) and by frictional forces representing the effects of pinning on 
displaced vortices. For the field-cooled (FC) state, whose vortex density is presumably uniform, the 
empirical fact that the average flux density (B) in nearly equal to H yields an operational 
inverse-square dependence of the intervortex force on the intervortex spacing. For both the FC and 
zero-field-cooled (ZFC) states, expressions are derived for B vs H (including the remanences at 
H= 0) and for the profiles of B across the sample thickness. Calculations of these properties are 
compared with experiment and with the macroscopically related critical-state model, revealing again 
that the pinning forces are strongly dependent on H. The frictional interacting-vortex model is also 
used in deriving the critical current as a transport property of the FC and ZFC states. 


a> Work supported in part by the NSF (DMR-9.7-21901). 
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Spin-polarized photoemission from quantum well and interface states 
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We examine the role of quantum well and interface states in mediating the coupling between 
magnetic films. We have studied with spin- and angle-resolved photoemission the electronic 
structure of Cu on Co(100) and Ag on Fe(100). Noble metal states of ^-derived character are found 
to be spin-polarized upon contact with the magnetic materials. In Cu films up to 10 monolayer 
thickness polarized states have been observed. These observations are well described within the 
framework of one-dimensional quantum-well states, for film thicknesses above a few monolayers. 

In the low coverage regime, the hybridization with the magnetic states of the substrate strongly 
influences the character and the dispersion of the conduction bands. 


I. INTRODUCTION 

The origin of the indirect exchange coupling 1 between 
magnetic layers separated by a nonmagnetic spacer is related 
to the Fermi surface of the spacer material, in a Ruderman- 
Kittel-Kasuya-Yasida (RKKY) picture 2 as well as in a 
quantum well picture. 3 The oscillatory and long range char¬ 
acter of the indirect exchange coupling in magnetic multilay¬ 
ers can be explained within the framework of RKKY inter¬ 
actions. Studies based on the RKKY coupling scheme 
identify tiie experimentally found oscillations as a Fermi sur¬ 
face effect within the nonmagnetic spacer material. 

A full understanding of the coupling mechanisms should 
require however a detailed description of the conduction 
band states, explicitly including the modification due to the 
reduced dimensionality and to the exchange interaction. In 
interface systems with one magnetic component, the bonding 
at the interface often induces a polarization in the nonmag¬ 
netic material through a spin-dependent electronic 
hybridization. 4 ' 5 The resulting moment in transition metal 
overlayers on magnetic substrates depends primarily on the 
extent of the d-d hybridization. For a noble metal on a 3d 
ferromagnet the calculated interface moment is very small 
(<0.I jjbgf because of the small degree of overlap between 
the d states of the two metals. 

The induced magnetization of the d electrons of a non¬ 
magnetic material typically becomes negligible a few atomic 
layers away from the interface. 4,5 On the other hand, the 
spin-polarization induced on the more delocalized sp states 
can extend over several layers. Therefore, those states pro¬ 
vide a way of mediating the long range indirect coupling 
among magnetic layers through a wide class of nonmagnetic 
materials, including transition and noble metals. The recent 
quantum well approach relates the coupling to sp-derived 
electronic states observable in electron spectroscopies. 6-8 
Ortega et al. 6 found that the sp-derived electronic states of 


ultrathin noble metal films present some characteristic fea¬ 
tures of one-dimensional quantum-well states. In addition, 
their wave vector can be related within a simple picture to 
the wave vectors of the RKKY coupling in the asymptotic 
high coverage limit. This unusual set of properties suggested 
that polarized quantum-well states could provide the cou¬ 
pling through nonmagnetic layers. 

Here we review some of our recent experimental results 
on quantum-well and interface states of noble metal films on 
magnetic substrates. We applied spin- and angle-resolved 
photoemission spectroscopy, being directly sensitive to mag¬ 
netic information, to systems which have shown oscillatory 
coupling and which can be grown epitaxially on (100) single 
crystal surfaces. Results from spin-resolved photoemission 
are presented to clarify some aspects of the oscillatory mag¬ 
netic coupling through the noble metals, Cu and Ag. The 
experiments comprise (i) the asymptotic limit of the cou¬ 
pling, where the bulk electronic structure of the nonmagnetic 
material has developed, and (ii) the low coverage limit, 
where the hybridization with the magnetic interface is the 
determining factor. 

II. EXPERIMENT 

The spin- and angle-resolved photoemission apparatus 9 
consists of a spherical energy analyzer coupled to a 100 keV 
Mott detector for spin analysis. The spectra were measured 
with monochromatic synchrotron radiation from the storage 
ring BESSY in Berlin. The experimenta' geometry allows for 
a component of the electric field vpctor perpendicular to the 
surface plane. Photoemission spectra were measured with 
photon energies between 10 and 80 eV on the TGM5 and the 
TGM1 beamlines. 

The growth of Cu or. Co(l00) and Ag on Fe(100) has 
been characterized by several methods. 10 A full account of 
our preparation and characterization procedures can be found 
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in our recent and forthcoming publications. 7,11 The measure¬ 
ments presented here were performed on Cu/Co/Cu(100) and 
Ag/Fe/Ag(100) three-layered systems. The single-crystal 
substrates were prepared by sputtering and annealing cycles. 
Epitaxial films were deposited in situ by e-beam evaporation. 
A 20 monolayer thick fee Co film was grown on Cu at 
100 °C. Ultrathin Cu layers were subsequently deposited on 
Co at room temperature. Similarly, we grew a 10 monolayer 
thick Fe films on Ag(100), by evaporation on the substrate at 
room temperature. We produced an overlayer of Ag on Fe by 
annealing the sample at 250 °C for 30 min. Temperature and 
time of the annealing were chosen in order to achieve a com¬ 
plete monolayer coverage, as indicated by the saturation of 
the Ag 4d/Fe 3 d intensity ratio in the photoemission spectra. 
The system prepared in this way, consisting of a Ag(l ML)/ 
Fe(10 ML)/Ag(100), is stable upon further heating and upon 
cooling to room temperature. The binding energy of Ag- 
related spectral features corresponds to those obtained by 
Brookes et al} 2 for an evaporated Ag monolayer on Fe(100). 

We observe a sharp low-energy electron diffraction 
(LEED) pattern with low background at all stages of the 
epitaxial growth. The distinct and intense “quantum-well 
states” observed in the photoemission spectra, shown in Sec. 
Ill, also demonstrate the good quality of the overlayer struc¬ 
ture. According to Ortega et al. 6 these states provide a very 
strict test for the smoothness and crystalline order of the 
overlayer. The Co and Fe substrates have been magnetized 
along the in-plane (011) and (001) directions, respectively, 
which are the easy axes of these ferromagnetic thin films. 
Photoemission spectra have been measured in magnetic re- 
manence. The sample magnetization was aligned parallel to 
the spin-sensitive direction of the spin detector. 

III. RESULTS AND DISCUSSION 

A. Cu on Co(100): Spin-polarized quantum-well states 

For Cu on Co(100) we have explored the .vp-derived 
quantum-well states up to large thicknesses, where the elec¬ 
tronic structure of the spacer layer is believed to be largely 
independent of that of the ferromagnetic substrate (asymp¬ 
totic limit). The spin-integrated photoemission spectra in Fig. 
1 show the development of the valence band states for in¬ 
creasing thickness of the Cu film. These data have been mea¬ 
sured for normal electron emission. This geometry probes 
states with initial state it|=0, where Lj is the component of 
the wave vector parallel to the surface plane. The sp-derived 
Cu states give rise to new and well-defined structures easily 
observed above the Cu 3d band edge, within 2 eV binding 
energy from the Fermi level. 

The energy dispersion of the sp-derived Cu states as a 
function of film thickness, shown in Fig. 1, resembles that of 
quantum-well states. It can be satisfactorily modeled assum¬ 
ing discretization of bulklike states due to the finite size o'' 
the layer, as proposed by Ortega et al r . 6 Ir. Fig. 2(a) we com¬ 
pare the dependence of the sp-state binding energy on the 
film thickness with the predictions based on the bulk band 
structure. Above a film thickness of about 5 monolayers the 
experimental data follow rather closely the expectations of a 
simple quantum-well picture. Our results are similar to those 



FIG. 1. Angle-resolved photoeniission spectra of Cu films on Co(100). The 
spectra are measured for normal emission with 17 eV photon energy. The 
emission from Cu ip-derived states is shown by the gray-shadowed areas. 
These states are labeled according to the definitions in Ref. 6. 


reported by Ortega et al. 6 and by Garrison et al* Noble 
metal films display a similar development of sp -derived 
quantum-well states also on other magnetic 6 and nonmag¬ 
netic substrates. 13 

The capability of quantum-well states to mediate the in¬ 
direct exchange interactions in multilayers depends on their 
coupling to the magnetic substrate. The interface boundary 
conditions and the hybridization with substrate levels will in 
general be different for states of opposite spin. For this rea¬ 
son the electronic structure of the thin film might develop 
spin-polarized bands, for which the spin degeneracy has been 
lifted. We have experimentally established that quantum-well 
states of Cu on Co(100) are magnetically polarized, by mea¬ 
suring the spin polarization of the photoelectrons. The results 
of the spin-resolved measurements are presented in Fig. 3, 
for several film thicknesses. In correspondence to the 
quantum-well states discussed above, the spectra exhibit 
spin-polarized spectral features. The quantum-well states 
shown in Fig. 3 are spin-polarized up to a Cu thickness of at 
least 10 monolayers. They are predominantly of spin-down 
(minority) character. Furthermore, weak spin-up (majority) 
states appear, separated by an exchange splitting (in average 
0.2 eV) from the more intense spin-down states. 

Pairs of spin-up and spin-down featu.es gradually shift 
with increasing coverage to lower binding energy [see Fig. 
2(b)]. By varying the film thickness, polarized states at a 
given energy periodically appear and disappear. This causes 
a modulation of the photoemission intensity [Fig. 2(c)] and 
of the spin polarization at the Fermi level [Fig. 2(d)]. Both 
have a similar periodicity, with an oscillation period of 5-6 
monolayers, corresponding to the main RKKY wave vector 
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FIG. 2. (a) Binding energy of the Cu ip-derived states as a function of the 
film thickness, as determined from spin-integrated photoemission spectra, 
(b) Binding energy of the spin-polarized Cu-dcrived states as a function of 
film thickness, as determined from spin-resolved spectra, (c) Intensity at the 
Fermi level as a function of film thickness, after subtraction of the substrate 
emission, (d) Spin polarization at the Fermi level as a function of film 
thickness. 


along the (100) direction. In brief, the results directly show 
that the interaction with the magnetic substrate induces a 
spin polarization on the Cu sp states. These levels are spin- 
split into two separated sub-bands, both displaying a disper¬ 
sion close to that expected for quantum-well states. 

It should be noticed thrt quantum-well states, intended 
as discrete states strictly confined within the overlayer, can 
only form in correspondence to a band gap in the substrate 
electronic structure. In Co(100) there is no band gap for 
states near E P (Ref. 14) with £y=0. A complete confinement 
within the overlayer should thus not be expected, because of 
the coupling to degenerate bulk states (of proper symmetry) 
of the substrate. In fee Co these states are the strongly dis¬ 
persive Ai subbands of both spin characters, which cross the 
Fermi level along the T -X direction. A Aj symmetry- 
projected energy gap of the spin-down bands is located in fee 
Co between 1 and 2 eV binding energy. In fact, in this energy 
region most intense quantum-well structures are observed in 
the spin-down channel. However, the reflectivity due to the 
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FIG. 3. Spin- and angle-resolved photoemission spectra of Cu on Co(lOO). 
The spectra are measured for normal emission with 17 cV photon energy, as 
in Fig. 1. Open symbols correspond to spin-up emission, full symbols to 
spin-down emission. 


interface may also partially confine within the film sp states 
that are degenerate with the substrate levels. 6 In this way, 
narrow resonance states 15 rather than discrete quantum-well 
states appear in the overlayer. It is thus ultimately a departure 
from an ideal quantum-well behavior that determines the role 
of the sp states in the magnetic coupling through Cu(100). 
The coupling to the substrate polarizes the s-derived states 
but at the same time reduces their degree of confinement 
within the overlayers. 

For a comprehensive understanding of the polarization 
effects in the Cu films the coupling to the Co states will still 
have to be analyzed experimentally and theoretically in more 
detail. For example, the role of (modified) surface states and 
interface states localized near the magnetic substrate still 
needs to be examined. In the case of Ag on Fe(100), 12 Pd on 
Fe(100), 5 and Fe on Pd(100), 16 it has been shown that inter¬ 
face states can convey the magnetization in nonmagnetic lay¬ 
ers. Furthermore, recent measurements of the x-ray magnetic 
circular dichroism at the Cu i 2 ,3 edge in multilayers have 
detected an induced moment in the Cu 3 d levels. 17 This mo¬ 
ment is largely localized at the interface but it might also 
present weak long-range oscillation. On the basis of tight 
binding calculations Garrison et al. s suggest that the polar¬ 
ization of the quantum well states results from the hybridiza¬ 
tion between the Cu s- and d-derived states. Recent first 
principle calculations, 15 which emphasize the scattering na¬ 
ture of quantum well states using a Korringa-Kohn- 
Rostoker (KKR)-Green’s function method, account for their 
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Binding Energy (eV) 

FIG. 4. Angle resolved photoemission spectra of Cu films on Co(100). The 
data are obtained with 50 eV photon energy for normal electron emission. 
The development of the Cu 3 d bands, below 2 eV binding energy, is dis¬ 
played as a function of the film thickness. 

dispersion as a function of Cu thickness and for a small spin 
splitting between spin-up and spin-down states. These calcu¬ 
lations predict a very small exchange splitting for the Cu 3d 
bands, in accord with the weak spin-dependence of the Cu 
3d emission in the photoemission spectra of Fig. 3. 

The experimental results presented above show that po¬ 
larized electronic states related to the long range exchange 
coupling in multilayer systems, either of s or d character, can 
be directly investigated by spectroscopic methods. Further 
photoemission studies are now in progress in order to assess 
the connection between spectroscopically accessible conduc¬ 
tion band properties (such as the Fermi surface and its modi¬ 
fication in ultrathin layers) and the magnetic coupling phe¬ 
nomena. We present in the next section new results for the 
low coverage limit (i.e., noble metal films 1-2 monolayers 
thick), where the hybridization with the magnetic interface is 
the determining factor. 

B. Cu on Co(100) and Ag on Fe(IOO): Approaching 
the monolayer limit 

Deviations from a simple quantum-well behavior, based 
on the quantization of bulklike states, or from the RKKY 
scheme are expected to become evident for small thicknesses 
of the nonmagnetic film. Approaching the monolayer limit, 
the electronic structure can be strongly modified by the in¬ 
teraction with the substrate as well as by the reduced atomic 
coordination. This is manifested for example in the photo¬ 
emission spectra of the relatively highly localized Cu 3d 
states up to about 4 ML. 

The spectra in Fig. 4 display the developments of the Cu 
3d states with increasing coverage, for initial states with 
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FIG. 5. Spin- and angle-resolved photoemission spectra of a Cu monolayer 
on Co(100), (left panel), and an Ag monolayer on Fc (100). Open symbols 
correspond to spin-up emission, full symbols to spin-down emission. The 
noble metal d states appear as intense features, at binding energies below 2 
eV in Cu and below 4 eV in Ag. The strongly polarized emission closer to 
the Fermi level is mainly due to the magnetic 3 d states of the substrate. 


k\\=0 (the f point of the two-dimensional Brillouin zone). 
Similar results are obtained at other . mission angles and 
photon energies. Up to 1 ML coverage we obtain a single 
narrow peak. With the second monolayer the spectra develop 
a broader structure still without a corresponding structure in 
the Cu bulk spectra. At 1 and 2 ML coverages the Cu 3d 
states do not show any dispersion with varying photon en¬ 
ergy, as expected for two-dimensional states. With the for¬ 
mation of the third monolayer the Cu 3d bands begin to 
develop the spectral features of three-dimensional Cu. Only 
with the fourth monolayer the binding energy of most Cu 3d 
states becomes close to that of the bulk, although the (rela¬ 
tive) spectral intensities still differ in some cases consider¬ 
ably from the bulk case. 

In order to test the importance of the spin dependent 
hybridization with the magnetic substrate in determining the 
evolution of the Cu 3d bands, we have measured the mono- 
layer spectrum also with spin resolution. The results, shown 
in Fig. 5, indicate that the exchange splitting of those 3d 
states is smaller than 0.1 eV. We also show in Fig. 5 the 
spin-polarized spectrum corresponding to the f point for an 
Ag monolayer on Fe(100). Similarly to the case of Cu, the 
data suggest that these Ag 4 d states, between 4 and 7 eV 
binding energy, exhibit only a very small exchange splitting, 
of less than 0.1 eV. Although other point in k space might 
present a larger splitting, calculations on noble metal mono- 
layers and interfaces coupled with magnetic materials 4,17 
show that it should not exceed a few tenths of an eV. For this 
reason, we believe that the development of the 3d spectral 
features described above reflects primarily a transition from 
quasi-two-dimensional bands to a bulklike electronic struc¬ 
ture. 

The convergence to a bulklike band structure can be ex¬ 
pected to occur at even larger thicknesses for the extended 
sp -conduction states. Indeed, as mentioned already in the 
previous section, below about 5 ML the experimental bind- 
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FIG. 6. Angle-resolved spectra of 2 Cu monolayers on Co(100), probing the 
dispersion along the f -X direction. The spectra are measured at 23 eV for 
various emission angles. The noble metal induced features are indicated by 
gray shadowed areas. 

ing energies of the sp states differ systematically from those 
expected for quantized bulklike states, in Cu on Co(lOO) 6,7 
and in other noble metal films. 6 The discrepancy can origi¬ 
nate from two effects: (i) in the monolayer regime the bands 
are altered by the reduced atomic coordination and lowered 
symmetry, as seen above for the d states, (ii) the hybridiza¬ 
tion with the substrate states further modifies the overlayer 
states in a way that depends on the spin, wave vector and 
symmetry of the band. We examine here how the sp-derived 
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FIG. 7. Angle-resolved spectra of an Ag monolayers on Fe(100), probing 
the dispersion along the F -X direction. The spectra are measured at 52 eV 
for various emission angles. The noble metal induced features are indicated 
by gray shadowed areas. 



FIG. 8. Experimentally determined band dispersion as a function of the 
parallel wave vector for 2 Cu monolayers on Co (100) (upper panel) and 1 
Ag monolayer on Fe(100) (lower panel). The dispersion is measured along 
the F-.Y symmetry direction. The solid lines indicate free clcctron-likc dis¬ 
persion corresponding to an electron effective mass of 2.7 (upper panel) and 
2 (lower panel). 

states form at low coverages two-dimensional magnetic 
bands, which eventually develop the simple behavior of 
quantum-well states in thicker films. We have studied the 
system Cu on Co (100) as well as an Ag monolayer on Fe 
( 100 ). 

The spectra in Figs. 6 and 7 show the band dispersion for 
an Ag monolayer on Fe(100), and for two Cu monolayer on 
Co(100) along the t-X symmetry direction. The gray shad¬ 
owed areas indicate the noble metal-induced features which 
appear superimposed to the 3d emission of the substrate. In 
both cases the features we have followed correspond to the 
first and most intense spectral structure induced by the over¬ 
layer, apart from the strong ^-emission at higher binding 
energy. For Cu on Co the peak at 1.6 eV is prominent in the 
23-30 eV photon energy spectra but hardly discernible at 
lower photon energy. The s-related character of these states 
is indicated by tight binding calculations. 8,12 In both cases 
spin-resolved photocmission reveals that these structures 
have predominantly spin-down character. 8,11,12 These states 
are thus well suited for studying the preasymptotic limit as 
they can be looked upon as the precursor of spin-polarized 
quantum-well states. We do \ot detect a dispersion of these 
features upon changing the photon energy, consistently with 
a two-dimensional character. By varying the emission angle 
we can determine the dispersion of these bands as a function 
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of the parallel wave vector k||. The initial state wave vector is 
given by the projection on the surface plane of the photoelec¬ 
tron momentum as measured outside the solid. 

The experimentally determined band dispersion in Fig. 8 
summarizes the results presented above. The spin-down band 
between 1 and 2 eV induced by the noble metal display the 
expected symmetric behavior with respect to the center of 
the Brillouin zone. The dispersion of these bands is consid¬ 
erably weaker than for nearly free-electron-like states. As¬ 
suming a simple parabolic dispersion in the proximity of the 
zone center f we obtain an electron effective mass of about 
2 for the Ag bands and about 2.7 for the Cu-derived bands. 
This strong departure from a free-electron-like dispersion be¬ 
comes in both cases even more evident away from f. This 
behavior indicates the importance at low coverage of the 
hybridization of Cu 4s states with other and more localized 
levels. For an Ag monolayer on Fe(100) tight binding band 
structure calculations identify the state at 1.7 eV as a spin- 
polarized interface states. Recent ab initio calculations de¬ 
scribe well the experimental dispersion, 11 showing that a true 
spin polarized interface states derived from the Ag 5s levels 
is shared by both the constituents. Consistently with the ex¬ 
perimental results reported above, the calculated bands 11 
present an increasingly admixture with Fe 3 d states on mov¬ 
ing from f-A r . In summary the s-derived states in the low 
thickness limits show a significant departure from a simple 
quantum-well model. This is not only due to the reduced 
dimensionality of the system but also to the hybridization 
with the magnetic states of the substrate. 

IV. CONCLUSIONS 

By spin- and angle-resolved photoemission we have in¬ 
vestigated the electronic structure of Cu on Co(100) and Ag 
on Fe(100), in order to clarify the origin of the indirect ex¬ 
change coupling through noble metals. We find that the sp- 
derived electronic states of the noble metals are spin- 
polarized upon contact with the magnetic materials. For film 
thicknesses above a few monolayers, a quantum-well picture, 
based on the quantization of bulklike states, describes the 


development of the sp states. In the low coverage regime, 
the conduction electron bands are instead strongly modified 
by hybridization with the states of the magnetic substrate. 
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Recent progress in the theory of interlayer exchange coupling is presented. The interlayer coupling 
is described in terms of quantum interferences in the spacer layer, due to reflections of Bloch waves 
on the spacer boundaries. This approach is used to discuss (i) the coupling variation with respect to 
ferromagnetic layers thickness, and (ii) the coupling across a nonmetallic spacer layer. 


I. INTRODUCTION 

In the past few years, the intense research activity on 
interlayer exchange coupling, both experimental and theo¬ 
retical, has been essentially focussed on the oscillations of 
the interlayer coupling with respect to spacer thickness, in 
systems with metallic spacer layers. 1,2 Recently, the interest 
in this field has been renewed by (i) the theoretical 
prediction 3,4 and experimental confirmation 5,6 of oscillations 
of the coupling with respect to ferromagnetic layers thick¬ 
ness, and (ii) the discovery of interlayer exchange coupling 
across nonmetallic spacer layers, 7 which, furthermore, may 
be thermally induced? or photoinduced. 9,10 

In this article, I address the above mentioned new as¬ 
pects of the problem of interlayer exchange coupling. This 
study relies on a formalism developed previously, 11 in which 
the interlayer coupling is described in terms of quantum in¬ 
terferences in the spacer, due to reflections of Bloch waves 
on the spacer boundaries. This approach, which has been 
rederived subsequently by Stiles, 12 has the virtue of being 
physically transparent, and also provides a suitable starting 
point for quantitative calculations, either for models, or for 
realistic systems. A heuristic presentation of this approach is 
given in Sec. II. 

As pointed out in Ref. 4, it becomes almost obvious, in 
the light of the “quantum interferences” formulation, that 
one may expect oscillations of the coupling versus ferromag¬ 
netic layers thickness, as a consequence of the interferences 
associated with the multiple internal reflections in a magnetic 
layer of finite thickness, in analogy with the reflection oscil¬ 
lations in an optical Perot-Fabry cavity. This problem is dis¬ 
cussed in detail in Sec. III. 

In contrast to the important theoretical literature devoted 
to interlayer coupling across metal spacer, the magnetic cou¬ 
pling across insulators has attracted very little attention on 
the theoretical point of view. A notable exception is Slon- 
czewski’s model of coupling, at 7'=0, through a tunneling 
barrier: 13 the coupling, in this case is non-oscillatory, and 
decays exponentially with spacer thickness. In a recent 
paper, 14 1 discussed this problem within the quantum inter¬ 
ferences approach: at T=0, one recovers the results of Slon- 
czewski; on the other hand, the coupling is found to increase 
with increasing temperature, in contrast to the metal spacer 
case. This study is presented in Sec. IV. 

In view of pedagogical clarity, the free-electron model 
will be used in Secs. Ill and IV. For this simple case, the 


•'E-mail: bruno@ief-paris-sud.fr 


calculations can be performed analytically, thus providing a 
physically transparent illustration of the various aspects of 
the problem. The model is sketched in Fig. 1: the zero of 
energy is taken at the bottom of the majority band of the 
ferromagnetic layers; the potential of the minority band is 
given by the exchange splitting A, while the spacer, of thick¬ 
ness D, has a potential equal to U. The ferromagnetic layers, 
F a and F B , have a thickness L {L = °° stands for semiinfinite 
magnetic layers), and their magnetizations are at an angle 6 
with respect to each other. According to the position of the 
Fermi level, this model describes the case of a metallic 
spacer (for e F >U), or of an insulating spacer (for e F <U). 

II. QUANTUM INTERFERENCES AND INTERLAYER 
EXCHANGE COUPLING 

In this section, I shall present a heuristic presentation of 
the interlayer coupling in terms of quantum interferences in 
the spacer layer; the emphasis will be on physical transpar¬ 
ency rather than on mathematical strictness. 

Inside the paramagnetic layer, a conduction electron ex¬ 
periences essentially the same potential as in the bulk mate¬ 
rial; deviations from the bulk potential are confined to the 
interface regions, and, of course, to the regions occupied by 
the ferromagnetic material. Thus, the electrons propagate 
through the spacer like in the bulk material; the effect of 
potential deviations as they encounter the interface with the 
ferromagnetic material make them being (partly) reflected 
towards the paramagnet. Because of the spin polarization of 
the ferromagnetic material, the potential deviation at the in¬ 
terface is spin dependent, and so is the reflection coefficient. 


i e 


-.p.lU'l 



M 

(b) 


FIG. 1. SFetch of the free-electron model; the dashed line indicates the 
position of the Fermi level, ;a) for the metallic spacer case, (b) for the 
insulating spacer case. 
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Since the in-plane translational invariance is maintained, 
the in-plane component kg of the wave vector is a good quan¬ 
tum number, i.e., it is conserved under reflection. For an 
incident electron of wave vector k!=(kj|^j L ), the reflected 
wave vector is k r =(kj|,- k x ) and the corresponding complex 
reflection coefficient for spin parallel (antiparallel) to the 
magnetization in the ferromagnet is the module of the 
reflection coefficient gives the amplitude of the reflected 
wave, while its argument <f> gives the phase shift due to the 
reflection. We also define 

/•T + ft 7*1 — 

f=~— and Ar= ———, (1) 

respectively, the spin-average and spin-asymmetry of the re¬ 
flection coefficients. 

In the paramagnetic spacer, the electrons are reflected on 
both interfaces ( F A and F B ), so that interferences take place 
due to the muiiiole reflections. Let us consider a wave of 
vector k=(k||,fc i ), with k x > 0; the phase change of the wave 
function after a round trip in the spacer (one reflection on F A 
and one reflection on F B ) is 

^ab-^iD + ^a + ^b', ( 2 ) 

if the interferences are constructive (respectively, destruc¬ 
tive), i.e., if 

<f> AB =2niT 

-{2n + l)rr (respectively), (3) 

with»: integer, the density of states is enhanced (respectively, 
lowered) in the spacer layer. Taking these interferences into 
account, the wave function in the spacer may be written as 

tA(r)--e ik JV*i 2 (l + |^r B |e'' <2 ^ D+ ^ + ' > fl ) ), (4) 

where higher order interference terms have been neglected. 
The corresponding contribution to the (k|| projected) density 
of states is 

n{k\\,e)~~- dz\ip\ 2 , ( 5 ) 

where the integral gives the contribution of one state (k(| ,Ar x ) 
and the prefactor dkjde gives the number of states in an 
energy interval [e,e+<Se]. 

Here, we are interested essentially in the part of n(kj|,e) 
which is associated with the interferences, i.e., 

dk ± , 

An(k|| l e)~2Z) — \r A r B \cos(2k ± D + (f> A + </> B ) 

Im| 2i'Z> r A r B e 2,klD ^. (6) 

The total change of in the density of states per unit area is 
obtained by summing over in-piane wave vectors and over 
the spin, yielding 

An f (e)~Im J dk/^iD ~ (r\r ] B +r l A r l B )e 2,k ^ D , (7) 
for the ferromagnetic configuration, and similarly, 
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\n AF {e)~\mJ dky2iD (r\r' B +r l A r l)e 2ik J- D , (8) 

for the antiferromagnetic configuration. 

The interlayer exchange coupling per unit area (at 1=0) 
may be expressed as 

Ep—E A F^\ (e—e F )[An F (e) —An AF (e)]de‘, (9) 

J -co 

integrating by parts, we get for the interlayer exchange cou¬ 
pling (for large D) 

E F -E AF ~-lm J rf k)|| _Je{r\r ] B + r [ A r [ B -r\r [ B 
-r l A r ] B )e 2,k ^ D 

'-'-Im^dkjiJ de 4Ar A Ar B e 2,klD . (10) 

As appears clearly from Eq. (10), the coupling depends 
on (i) the wave vectors k ± in the spacer layer, and (ii) the 
spin-asymmetries A r A and A r B of reflection coefficients at 
the paramagnetic-ferromagnetic interfaces; the former deter¬ 
mine the oscillation periods of the coupling, while the latter 
determine its strength. 

So far 1 have implicitely considered that the incident and 
reflected waves are usual propagative Bloch waves (with k ± 
real); these are the states which are allowed in bulk materi¬ 
als. However, in a slab of finite thickness, evanescent states 
[with Im(ix) nonvanishing] are also present and contribute 
to the density of states. Thus, evanescent states contribute to 
the coupling in Eq. (10) on an equal footing; in particular, 
they are found in gaps of the bulk band structure. The role 
played by these states will be discussed in Sec. IV. 

An exact derivation, using Green’s functions formalism, 
yields, for the interlayer coupling energy per unit area," 

E A b(Q)-Jo+J i cos 0+J 2 cos 2 #+••• (11) 

with the Heisenberg coupling constant 

2A r 2 e 2lklD t ^ 

X l — 2re 2 ^ D + (F 2 -Ar 2 ) 2 e 4,k ^’ (12) 

where /(e) is the Fermi-Dirac distribution, and where the 
indices A and B have been dropped, since = 

III. VARIATION OF THE COUPLING WITH RESPECT TO 
MAGNETIC LAYERS THICKNESS 

I consider here the case of ferromagnetic layers of finite 
thickness L. For simplicity, I shall restrict myself to the case 
of a metallic spacer; more precisely, I take 17=0; thus, the 
magnetic layer is transparent for electrons of spin parallel to 
the majority spins, i.e., r =0 and r= -Ar=r i /2. 

In the case of a layer of finite thickness, like in Perot- 
Fabry cavity, all the waves associated with the multiple re- 
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flections inside the magnetic layer contribute to the net re¬ 
flection coefficient. The summation is easily carried out, and 
one gets 


i_ t 1_ex p[ 2 ^i £ ] 

* l-r^ txp[2ik[L] 


(13) 


where k{ is the minority-spin wave-vector in the magnetic 
layer, and the reflection coefficient for a semi-infinite 
magnetic lav'.. Clearly, the variation of r- with respect to L 
is oscillatory or exponential, according to the nature— 
propagative or evanescent—of the state of wave vector k[. 
The interlayer coupling is governed essentially by the states 
lying at the Fermi level. Thus, if k l F is real, one can expect 
oscillations of the interlayer coupling vs. magnetic layers 
thickness to show up. The oscillations are due to the quan¬ 
tum interferences inside the magnetic layers: when the inter¬ 
ferences are constructive (respectively, destructive), the cou¬ 
pling strength is enhanced (respectively, reduced). Below, I 
consider only the former case, i.e., k F real. 

In the limit where both L and D are large, the expression 
of the coupling (at 1=0) reduces to 4 


1 h 2 kj | 
J '~IirW 2m Im [ 


— e 2 ,k F D 
2 


X 


1 — 2(1—‘“i'¬ 


ll 


(14) 


Clearly, the interlayer exchange coupling oscillates versus L, 
with a period equal to -rr/k^. The amplitude of these oscilla¬ 
tions decays essentially as I” 2 . To illustrate this behavior, I 
have performed numerical calculations for the free-electron 
model with e f =7.0 eV, U= 0, and A=1.5 eV; these calcu¬ 
lations use the exact expression (12), not the asymptotic one 
(14). The results are displayed in Fig. 2: the coupling varia¬ 
tion versus magnetic layer thickness L, for several value of 
the spacer thickness D. The oscillatory behavior of period 
7 Tlk\,, and the L ~ 2 decay appear clearly. A striking feature is 
that, in contrast to the oscillations of J x vs D, the oscillations 
are not necessarily around zero: instead, J x may oscillate 
around a positive, or a negative value, depending on the 
choice of the spacer thickness D. This point is also obvious 
from Eq. (15). 

On the other hand, for large D and small L, one has 




1 


h 2 k 2 


1 4tt 2 Z> 2 2m 


Im( - 2k F ~L 2 r£e 2,kf:D ). 


(15) 


The fact that the coupling varies like L 2 at low magnetic 
layers thickness is obvious from the analogy with optics: the 
reflection coefficient for a thin layer is proportional to its 
thickness. 

Until recently, it was generally believed that the coupling 
is essentially independent of the magnetic layers thickness. 
This point has been studied experimentally in the case of 
Co/Cu/Co(001) by Qiu et al., 15 who found no dependence of 
the coupling versus Co thickness; however, only three differ¬ 
ent Co thicknesses have been used in this study. On the theo¬ 
retical point of view, oscillations of the coupling versus mag¬ 
netic layers thickness have been first reported by Bamas 3 




FIG. 2. Interlayer exchange coupling constant J,, calculated as a function 
of the spacer thickness D, for semi-infinite ferromagnetic layers (lower 
panel), and as a function of the ferromagnetic layers thickness L, for various 
values of the spacer thickness D (upper panel). 


from numerical calculations for the free-electron model. The 
explanation of this behavior on the basis of the quantum 
interferences picture has been given in Ref. 4; in this article, 
I also estimated the oscillation period versus Co thickness in 
Co/Cu/Co(001) to be about 3.5 atomic layers (ALs). 

The predictions of Ref. 4 have been confirmed recently 
by Bloemen et al., 5 who succeeded in observing oscillations 
of the coupling versus Co thickness in Co/Cu/Co(001); the 
observed period is about 3.5 ALs, in very good agreement 
with the predicted one. Further confirmation has been given 
by Okuno and Innomata, 6 who observed oscillations of inter¬ 
layer coupling versus Fe thickness in Fe/Cr(001) multilayers. 

IV. METALLIC VERSUS INSULATING SPACER 

In this section, I discuss the coupling behavior, in par¬ 
ticular its spacer thickness and temperature dependence, for a 
nonmetallic spacer (e F <U), in comparison with the case of 
a metallic spacer ( e F >U ). For simplicity, I takei = », 

Because of the abrupt variation of the Fermi-Dirac dis¬ 
tribution at the Fermi energy, the interlayer coupling is de¬ 
termined by the neighborhood of the Fermi level. Thus, the 
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nature of the states present at the Fermi level control the 
physical behavior of the coupling. In the case of a metallic 
spacer, one has propagative states at Fermi energy, and this 
leads to the oscillatory character of coupling vs. spacer thick¬ 
ness. For an insulating spacer, on the other hand, the states 
with Fermi energy are evanescent waves, so that we expect a 
monotonic exponential decay of the interlayer coupling with 
spacer thickness. 

In the limit of large spacer thickness and low tempera¬ 
ture, Eq. (12) becomes 14 

y,.-L ^ M A ,yw ) - 1 * l £P mlhlk i .. 

1 4tT mD 2 sinh(2Trk,jTDm/h~k F ) 


1 

(16) 

1 

k F -[2rn(e F -U)/h 2 ] m , 

(17a) 

k F =i[2m(U-e F )/h 2 ] 112 , 

(17b) 


respectively, for a metallic and an insulating spacer. 

Of course, the coupling behavior is completely different 
in both cases. While it is oscillatory for a metal spacer, it 
decreases exponentially with spacer thickness in the insulator 
case. Another striking difference concerns the temperature 
dependence, which is given by the last factor in Eq. (16). For 
a metal spacer the coupling decreases with increasing 
temperature. 2 On the other hand, when we consider the insu¬ 
lating spacer case, where k F is imaginary, the exchange cou¬ 
pling increases with temperature for an insulating spacer, 
because sinh(ix)/ix^s\ti(x)/x is an increasing function. 
Physically, this behavior may be understood easily: w'..en the 
temperature increases, the contribution of states below the 
Fermi level is lowered, at the expense of states above the 
Fermi level; since the penetration length of the latter is larger 
than the one of the former, the exchange coupling is thereby 
enhanced. 

To illustrate the above results more quantitatively, we 
have performed numerical calculations of the exchange cou¬ 
pling for the free electron model, with e F = 10.0 eV, A=1.5 
eV, and 0.1 eV; the calculation uses the exact ex¬ 

pression (12), not the asymptotic result (16). The results are 
displayed o.i Fig. 3. With the above choice of parameters, the 
coupling at large spacer thicknesses is antiferromagnetic 
(J|>0). One clearly observes the strong temperature in¬ 
crease of the coupling; as expected from Eq. (16), the rela¬ 
tive thermal variation increases with increasing thickness. 

One should be careful when comparing the results with 
experimental observations of coupling across no-metallic 
spacers: indeed, the latter concern materials that are disor¬ 
dered or even amorphous, whereas the theory presented here 
pertains to ordered systems; the importance of disorder for 
the thermally induced coupling remains to be clarified. Nev¬ 
ertheless, the finding of a positive temperature coefficient for 
the exchange coupling through an insulating spacer provides 
a plausible explanation for the experimental observations of 
thermally induced exchange coupling. 8 Note that the latter 
result is not restricted to the free-electron case, and may be 
shown to hold for any insulating spacer material. 




FIG. 3. Calculated interlayer exchange coupling across an insulating spacer; 
(upper panel) exchange coupling versus spacer thickness at T- 0; (lower 
panel) exchange coupling vs. temperature for various spacer thickness, cor¬ 
responding to the solid points: (A) 15.0 A, (B) 20.0 A, and (C) 30.0 A. 


V. CONCLUDING REMARKS 

In this article, I have discussed various new aspects of 
the problem of interlayer exchange coupling, on the basis of 
the quantum interference approach, is which the coupling is 
expressed in terms of reflection coefficients at the boundaries 
of the spacer layer. 

This approach provides a physically transparent descrip¬ 
tion of the phenomenon of interlayer exchange coupling. 
When applied to simple models, such as the free-electron 
model, the calculations can be performed almost completely 
analytically. 

I have shown that the interlayer coupling me be expected 
to exhibit oscillations versus ferromagnetic layers thickness, 
a prediction which has been confirmed recently by experi¬ 
ments. For the case of an insulating spacer, the expression of 
the coupling is formally similar to the metallic spacer case; 
however, the evanescent character of the states with Fermi 
energy leads to a completely different physical behavior: in 
contrast to the metal spacer case, the coupling has a mono¬ 
tonic exponential decay with respect to spacer thickness, and 
increases with temperature. This result provides a plausible 
explanation for recent experimental observations. 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


P. Bruno 6975 





'S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett. 64, 2304 
(1990). 

J P. Bruno and C. Chappert, Phys. Rev. Lett. 67,1602, 2592E (1991); Phys. 
Rev. B 46, 261 (1992). 

3 J. Bamas, J. Magn. Magn. Mat. Ill, L215 (1992). 

4 P. Bruno, Europhys. Lett. 23, 615 (1993). 

5 P. J. H. Bloemen, M. T. Johnson, M. T. H. van de Vorst, R. Coohoem, J. J. 
de Vries, R. Jungblut, J. aan de Stegge, A. Reinders, and W. J. M. de 
Jonge, Phys. Rev. Lett. 72, 764 (1994). 

6 S. N. Okuno and K. Inomata, Phys. Rev. Lett. 72, 1553 (1994). 

7 S. Toscano, B. Briner, H. Hopster, and M. Landolt, J. Magn. Magn. Mat. 
114, L6 (1992). 


8 S. Toscano, B. Briner, and M. Landolt, in Magnetism and Structure in 
Systems of Reduced Dimensions , edited by R. F. C. Farrow, B. Dieny, M. 
Donath, A. Fert, and B. D. Hermsmeier, NATO ASI Ser. B 309 (Plenum, 
New York, 1993), p. 257. 

9 J. E. Mattson, S. Kumar, E. F. Fullerton, S. R. Lee, C. H. Sowers, M. 
Grimsditch, S. D. Bader, and F. T. Parker, Phys. Rev. Lett 71,185 (1993). 
I0 B. Briner and M. Landolt, Z. Phys. B 92,135 (1993). 

1! P. Bruno, J. Magn. Magn. Mat. 121, 248 (1993). 

12 M. D. Stiles, Phys. Rev. B 39, 7238 (1993). 

13 J, C. Slonczewski, Phys. Rev. B 39, 6995 (1989). 

14 P. Bruno, Phys. Rev. B 49, 1323 (1994). 

15 Z. Qiu, J. Pearson, and S. D. Bader, Phys. Rev. B 46, 8659 (1992). 


6976 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


P. Bruno 



Exchange anisotropy in films, and the problem of inverted hysteresis loops 

Amikam Aharoni a) 

Department of Electronics, Weizmann Institute of Science, 76100 Rehovoth, Israel 

The inverted hysteresis loop is claimed to be possible, in an exchange-coupled bilayer, when a 
magnetically soft material is affected by the demagnetizing field of the hard material. These 
demagnetizing fields are caused by the charge on the surfaces, neglected in all the theories that 
assume a strictly one-dimensional structure, in an infinite material. For these one-dimensional 
models, an analytic solution is presented, which reduces the computation from a numerical 
integration of a set of differential equations to the solution of an algebraic, transcendental equation 
(which contains elliptic functions) for fitting only the boundary conditions. It may then be feasible 
to introduce at least an approximation for the demagnetizing effect of the surfaces in a finite sample. 


I. INTRODUCTION 


II. SIMPLE THEORY 


Inverted hysteresis loops have been observed 1 ' 2 in some 
exchange-coupled multilayers. In the decreasing part of such 
loops the magnetization becomes negative when the applied 
field is still positive, while in the increasing part the magne¬ 
tization becomes positive when the applied field is still nega¬ 
tive (see Fig. 2). No explanation is known for this unusual 
phenomenon. The attempt 1,2 to relate it only to the exchange 
coupling at the interface failed, in the sense that the theory 
did not produce anything similar to the observed loops. 

Unlike the exchange coupling, which acts on the bound¬ 
ary layer only, magnetostatic interaction between the layers 
acts on the whole volume of the film, and is thus more ef¬ 
fective and more likely to produce inverted loops. However, 
the magnetostatic interaction is complicated and difficult to 
take into account, and is just neglected in most theoretical 
studies. To illustrate the complexity, two cases of such 
exchange-coupled layers are shown schematically in Fig. 1. 

In case (a) the magnetic field is in the film plane, and the 
magnetization of the hard component, A, is pointing to the 
right. A simple-minded calculation assumes an infinite film, 
with no demagnetizing effect. However, these films do end 
somewhere and there is a charge on that surface. This charge 
(shown schematically as the pluses) creates a field (shown 
schematically by the two field lines), which points to the left 
when the applied field is to the right. The field acting on the 
soft material, B, is the difference between these fields, and 
can be negative in a positive applied field. 

In case (b) the applied field, and the magnetization in the 
film, are pointing upwards. There should be no demagnetiz¬ 
ing effects besides the overall demagnetization, which is 
easy to take into account. However, if the films are not con¬ 
tinuous, and one material “penetrates” through the other 
one, a surface charge can be created, as seen in Fig. 1, and 
the effect is the same as in case (a). 

These effects are not easy to estimate, because they de¬ 
pend on the fine details of the layer structure; but they are 
not negligible, because the magnetostatic self-energy is usu¬ 
ally very large. A rather crude theory will be given in Sec. II, 
which demonstrates the main physics of the present sugges¬ 
tion for the origin of the inverted hysteresis loop. A method 
for advancing to a more realistic approximation will be pro¬ 
posed in Sec. III. 


‘•E-mail: a.aharoai@ieee.org 


The earliest theory 3 of exchange coupling in a geometry 
of an infinite slab used an oversimplified picture of the CoO 
layer as being infinitely hard, so that the direction of its 
magnetization could not be changed by any applied field. 
The softer, cobalt, layer was assumed to be sandwiched be¬ 
tween such CoO layers, and the coupling to these layers gave 
the boundary conditions for the energy minimization. For 
this model the differential equation could be solved analyti¬ 
cally, and the reduced magnetization in the field direction 
was shown 3 to be 

j=(M H )/M=-\ + 2E(k)IK(k), (1) 

where K and E are the complete elliptic integrals of the first 
and second kind, respectively, and A: is a parameter, related to 
the reduced applied field, 

h=H/(2nM s ), (2) 

by 

-ttS 2 h = [K(k)\ 2 , S=aM s /-jA. (3) 

Here A = C/2 is the exchange constant, and a is the Co film 
thickness. 

Two changes are made in this theory for using it here. 

(1) In a sufficiently large field the CoO layer reverses its 



FIG. 1. Schematic representation of a soft magnetic layer, “B” being de¬ 
magnetized by the field due to the surface charge on a hard layer, “A” 
magnetized parallel (a), or perpendicular (b) to the layer plane. 
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FIG. 2. An inverted hysteresis loop computed from Eqs. (1) and (4), with 
irS 2 /i 0 = 12.5. 


magnetization into the field direction. Effectively, boundary 
conditions no longer require the surface magnetization to be 
always parallel to +z. At a large negative field it becomes 
parallel to -z. 

(2) A demagnetization is added by replacing Eq. (3) by 

-trS 2 (h-h D ) = [K{k)] 2 . (4) 

Of course, these assumptions are oversimplified, because 
the CoO is not magnetized abruptly, and the demagnetization 
is not a constant, h D . However, this simple model contains 
all the physics of the assumed mechanism, and it can pro¬ 
duce the experimental curves. A typical hysteresis curve, 
computed from Eqs. (1) and (4) and plotted in Fig. 2, con¬ 
tains all the features of, and is qualitatively very similar to, 
the observed 1,2 inverted hysteresis loops. 

The plot in Fig. 2 is sensitive to the value used for h D . 
For a smaller value the increasing and decreasing part of the 
hysteresis curve cross, approaching the shape of the curves 
computed 2 with no demagnetization. An example is plotted 
in Fig. 3. This result is not inconsistent with the experimental 
observation 1,2 that the loops are not always inverted. It must 
mean that the geometrical details of the demagnetization are 
important. 

It should be emphasized that the curve in Fig. 2 is not a 
true minor loop. If the decreasing-field part in Fig. 2 is 
stopped and reversed at, say, TrS 2 h=-l, the magnetization 
will climb back on the same branch, and not on the increas¬ 
ing part. Changing between the two branches occurs only in 
a highly positive or highly negative field, where energy has 
to be spent on reversing the hard component. Presumably, 
the same is also true for the observed inverted loops, al¬ 
though this point is not specified in the published 1,2 accounts. 
Otherwise, the negative resistance of the minor loop could be 
used to create a perpetual motion machine, thus violating the 


FIG. 3. As in Fig. 2, only with TtS 2 h D = 10.5. Note that the scales are 
different. 


second law of thermodynamics. Actually, the energy gain in 
small fields is more than balanced by the energy loss in 
higher fields, as is the case for an electronic circuit with a 
negative resistance in part of the V-I cycle. 

III. ONE-DIMENSIONAL THEORY 

The crude approximations of Sec. II do not allow for a 
magnetization distribution in the hard magnetic component, 
take the demagnetizing field as a constant, and do not take 
into account the demagnetizing of the hard by the soft com¬ 
ponent. These approximations can be much improved by a 
slight modification of the theory which was used 4 for bilay¬ 
ers of NiFe-TbCo, but which is qualitatively the same for 
any other pair of materials. It should be particularly noted 
that this theory contains as particular cases all the other one¬ 
dimensional models which were developed separately, e.g., 
when each film is taken as a “single domain,” without 5 or 
with 6 a transition wall between them. 

This theory 4 considers a soft layer whose magnetization 
is at an angle 0 t (z) to the axis of induced anisotropy, taken 
as the x axis, in the region -t^z^O; and a hard layer 
whose magnetization is at an angle 0 2 (z) to x, in the region 
0s£zsSf 2 . For the soft and the hard films, the saturation mag¬ 
netization is Mj , the uniaxial anisotropy constant is , and 
the exchange constant is A y , with;' = 1,2, respectively. It is 
only assumed here that the soft film interacts with a field 
H A -H m , and the hard film with H A -H D2 , instead of just 
with the applied field, H A . Here H Dl should eventually be 
taken as proportional to the average of cos 0 2 , and H D2 as 
proportional to the average of cos , which should be a 
reasonably good approximation to many real physical situa¬ 
tions. This part will be published elsewhere. The following 
notations are used for short: 
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hi — (H^—Hp{)Mi/Ki, h 2 —(Hf, Hp 2 )M 2 /K 2 , 

q 2 =Kl^e b )l(AA 2 K 2 ), e„=e 2 (t 2 ), (5) 

Oo=Oi(-t 1 ), Q=^q 2 +(h 2 /2+cos 8 b ) 2 , 

where K b is 4 the surface anisotropy. 

Smith and Cain 4 solved numerically the two second- 
order differential equations which minimize the energy. 
However, it is known 7,8 and has been pointed out 9 again, that 
all the equations of one-dimensional micromagnetics can be 
integrated at least once, if not twice. After the first integra¬ 
tion, these equations become 

( A 1 /K l )(dd l /dz) 2 =h 1 [cos(d 0 - e^-cosidi- 0 H )] 

+ sin 2 ^-sin 2 0 O , (6a) 

(A 2 /K 2 )(d9 2 /dz) 2 =h 2 [cos(6 b - 6 H )-cos{0 2 - 0 H )] 

+ q 2 + sin 2 ^ 2 —sin 2 6 b . (6b) 

Here 0 W is the angle between the applied field and the x axis. 
It can be checked that Eqs. (6) are indeed first integrals of the 
second-order equations 4 and that they fulfill two of the 
boundary conditions, which require the z derivatives of 8 X 
and of d 2 to vanish on z=-t t and z=t 2 , respectively. It 
should be noted, though, that 0 O and 8 b are known at this 
stage only as the boundary values of 0 ( and 0 2 . They still 
need to be evaluated. 

One of the remaining boundary conditions is that the 
derivative is continuous, 

d0 x ldz-d0 2 ldz, on z=0. (7a) 

The other one was taken 4 as a certain discontinuity of the 
angle at z=0, thus introducing unnecessarily another, un¬ 
known parameter, K ,. It is better to take the limit K 
because the exchange is the largest force over short dis¬ 
tances. Other micromagnetics studies do not allow a discon¬ 
tinuity because the exchange is so strong, and having an 
exchange coupling between two different materials cannot 
change this argument. In the studies of nucleation at crystal¬ 
line imperfections, with an abrupt 10 or a gradual 11 or a 
periodic 12 change in the anisotropy, and in the study 13 of 
domain wall pinning, or wall motion 14 in a material with a 
variable exchange, the angle was assumed to be continuous. 
There is no reason to assume anything else here, and the 
second boundary condition is that the angle is also continu¬ 
ous, 


0, = 0,(O) = 0 2 (O). (7b) 

Analytic integration of these equations is possible in 
many cases, but there are different types of functions de¬ 
pending on the values of the physical parameters involved. 
The following solution is only an example, for the particular 
case of an in-plane field, 0 W =O 


1 -cos 0j=- 


1 - cos 0 O 


k\ 

1 - — (1 +cos 0 o )sn 2 


'■ + tx 


M,,A, 


(8a) 


1-COS 92 = 



l-Q+h 2 /2 
l + Q-jjsn 2 (U 2 ,k 2 ) 


(8b) 



2(/ij + 2 cos 6q) 

(1 + cos 0 O )(1 +/ij + cos 9 0 )’ 


(8c) 


k 2= __, 

2 (l+Q) 2 — (h 2 /2) 2 ’ 


U 1 = J V( l + cos 6q) (1 + /; i + cos 0 O ), 


U- 


Z — 1^2 

.,=7- Vrft 


sn 2 (u 0 ,fc 2 )= — 


k 2 va 2 
1 


+ ■ 


1 


(8d) 

(8e) 

(8f) 


2Q \<2 + cos 6 b +h 2 l2 1-cos 9 b j’ 


(8g) 


where sn is the Jacobian elliptic function, and where the 
integration constants have already been chosen so that 0, = 0 O 
on z = - t x , and 0 2 = 9 b on z=t 2 . It can be checked by dif¬ 
ferentiation that Eqs. (8) solve the differential Eqs. (6). 
Therefore Eqs. (8) are a legitimate solution, provided the 
parameters are such that 

0<*f<l and 0<Jk|<l. (9) 


If cither k j or k 2 is not in this region, standard transforma¬ 
tions to other elliptic functions may be used. 

The problem has thus been reduced to finding 0 O and 0 b 
that will fulfill the boundary conditions of Eqs. (7). 

Once this problem is solved, the average magnetization 
in each region, 



1 

fo 


(cos 0!) = 

~l 

cos 0] dz, 

J -'i 

(10a) 


1 

[12 


(cos 0 2 ) = 

h 

cos 07 dz, 

Jo 

(10b) 


is a standard elliptic integral of the third kind. The reduced 
total magnetization is then 

(cos 9 x ) + M 2 t 2 {cO$ 0 2 ) 

)= M x t x +M 2 t 2 ■ 1 ’ 
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Ruderman-Kittel-Kasuya-Yosida polarizations in inhomogeneous media 

W. Baltensperger and J. S. Helman 

Centro Brasileiro de Pesquisas Fisicas (CBPF), Rua Dr. Xavier Sigaud 150, 

Rio de Janeiro, RJ 22290, Brazil 

An analytical treatment of the Ruderman-Kittel-Kasuya-Yosida polarization in inhomogeneous 
media is possible for some simple models. This is exemplified with the half-spaces and slabs in one 
and three dimensions, and with an especially chosen potential barrier in one dimension. 


I. INTRODUCTION 


Experiments with films and with layered structures re¬ 
quire information on the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) polarization in inhomogeneous situations. This 
work deals with especially simple situations for which a cal¬ 
culation can be made analytically. The aim is to get familiar 
with effects that appear in idealized situations rather than to 
study a model that incorporates many features of actual ex¬ 
perimental conditions. 

As in the classical papers on RKKY polarization 1 we 
shall assume the electron gas to be ideal and fully degener¬ 
ate. At a position a the electron spins are subject to a point 
field leading to a perturbing Hamiltonian 


H' = -yS\ r_a) j. 


( 1 ) 


The coupling constant y has the dimension energy volume, r 
is the electron position, and cr z the Pauli spin matrix for the 
z direction. In the homogeneous case plain waves <f) ks 
= l/\frre ik ' T \s), with s= ± j the spin quantum number, and 
which belong to the energy e{k)=h 2 k 2 /2m, form a complete 
set of unperturbed one particle states. It can be shown by an 
extension of Yosida’s argument 2 to inhomogeneous situa¬ 
t'd- Eq. (33), that the first-order perturbed wave functions 


fa ,s~ 



d 3 k' 


(<f > k',s'W\ < l>k,s) 

e(k')-e(k) (pk '’ s ’ 


( 2 ) 


lead to the correct spin polarization which has z direction: 


p(x)= (2^p J k<k rf3k ^*V x) T fa'°W- ^ 

kp is the Fermi wave vector 


II. THE SEMISPACE 

Consider an ideal electron gas confined to the half-space 
with coordinate x>0. This is obviously not a realistic mode! 
for a surface of a true metal. However, it has the virtue that 
again a simple set of one particle functions can be written 
down. In the one-dimensional case they can be taken to be 
l/V2sin(/;;t)|.s). The electron density and therefore the po¬ 
larization vanishes at the surface. Mathematically the whole 
change is a sine function in place of an exponential. In the 
unlimited one-dimensional space the spin polarization is 3,4 


, , y 2m j tt , , \ 

JT [ 2-Si(2* F |*-«l) ■ (4) 

For the half-line the calculation 5 gives 

P\hW=Ri(\x-a\)+Ri{x+a) 

-2R x \\x-a\l2+(x+a)l2l (5) 

The first term is the polarization in a homogeneous medium 
due to a point field at position a, and the second is the same 
expression centered around the mirror point -a. At the sur¬ 
face, x=0, the two terms have the same value. In this sense 
the second term is not a reflected wave. It is the third term, 
which depends on the average distance to the source and to 
its mirror point, which compensates the first two terms at the 
surface. P lh is shown in Fig. 1. 

When the half-space has more than one dimension, a 
complete set of one particle wave functions which vanish at 
the boundary x=0 is 

<t> k , K , s (x, R) = v2 sin(ta)e iK R |s>, (6) 

where k>0, and R and K are orthogonal to the x direction. 
In two dimensions the authors were unable to perform the 
integrations analytically. For a three-dimensional half-space 
the polarization P h can again be expressed 5 in terms of the 
usual RKKY function 


*(*)» 



2m sin(x)-x cos(x) 

F 7 


(7) 


as 



FIG. 1. The spin polarization Py,(x) in a half-line for a point field at a = 6 
Distances are in units of l/(2tr f ) and P u is in units of y2m/(4irft 2 ) 
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FIG. 2. Polarization in half-space due to a point field at <j = 4. P h (x,R)p- is 
shown, where the factor p., the distance to the point source, suppresses the 
divergence of P h at the source and emphasizes the oscillations. Distances 
are in units of l/(2* f ) and P h is in units of y^2/n/(4ir 3 fi 2 ). 

P h =R(2k F p.)+R(2k F p + )- ( ( P ^'^ ) ) /?[MP- + P+)]. 

( 8 ) 

Here 

Ps = \j(x+a) 2 +R 2 , (9) 

so that p_ is the distance to the source and p + to its mirror 
point. The first two terms are spherical waves, while the third 
term depends on p++p_ and compensates the first two at the 
surface. See Fig. 2. 


III. THE SLAB 

In the one-dimensional case, i.e., for the finite line of 
length!, a closed expression for the pe'arization P,/x) has 
been derived. 5 The plot in Fig. 3 assumes an even number of 
electrons N, so that the highest occupied level is designated 
by n,.-=N/2. In three dimensions, for the slab of width L, 
the polarization Pf(x,R) can be written as a rapidly converg¬ 
ing series. 5 Here, x, with 0 <x<L, and R are coordinates of 
a circular cylinder with the source at x-a, R = (). Figure 4 


FIG. 4. The spin polarization Pf{x,R)p. in a slab of width 1 = 32. a= 12. 
Units are as in Fig. 2. 


shows Pfp-, where p_ is the distance from the source. 
n F =lnt(vk F /L) = 5 designates the band at the Fermi level. 


IV. POLARIZATION ACROSS A POTENTIAL WELL 

A potential also creates an inhomogeneity in an electron 
gas. A square well leads to wave functions with somewhat 
complicated coefficients which inhibit a further analytical 
treatment. A numerical calculation has been performed by 
Jones and Hanna. 6 Here we discuss a one-dimensional model 
with a particular localized potential which lends itself to ana¬ 
lytic treatment. 

The electrons are subject to a localized potential of 
width X 

V(jc)=-V 0 sech 2 (Xx) (10) 

V 0 =2\ 2 h 2 /(2m), (11) 

where m is the mass of an electron. With Eq. (11) the poten¬ 
tial has the remarkable property of being reflectionless. 7 Note 
that Eqs. (10) and (11) imply that the depth and width of the 
potential cannot be varied independently. This potential has 
been chosen for the simplicity of its wave functions and 
spectrum. This consists of a continuous part 



FIG. 3. Polarization in a finite line of length L- 32 due to a point field at 
<i = 8. = 5. Units are as in Fig. 1. The precise position a determines 
whether the positive polaiization near a is compensated by a negative one 
mostly to the right or to the left of a. 



FIG 5. Spin polarization due to a point source at a-i in the presence of a 
potential, Eq. (23) with X=l, near x = 0. Units are as in Fig 1. 
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-ik+\ tanh(Xx) h 2 k 2 

<M*)=-7=- e‘ kx \ s )’ E *=—' (12) 

V* 2 +X 2 2m 

and one bound state 

/x h 2 \ 2 

</> h , s (x)=-\j-s<'.ch(\x)\s), E b =~ (13) 

With 


z=\x-a\, 

(14) 

T =tanh( Xx) tanh( X a ), 

(15) 

S =| tanh( Xx) - tanh(Xa) |, 

(16) 

(k 2 +\ 2 T)cos{kz)-k\S sin(&z) 
c k k 2 +\ 2 ’ 

(17) 


the polarization becomes 


2m y 


7T 


rfy dk 1 

~1 T2+ Jo T (Xq^{[(* 2+x2r ) 2 -(^ S ) 2 ]sin(2^) + 2XSl:(/: 2 +\ 2 r) 


. f k F C k 7r 

Xcos(2fcz)} + 2X[e -Xz (T-l-S) + sech(Xx)sech(Xfl)] dk sech(Xx) 

Jo (A + X ) i 


X sech(Xu)e“ Xz [7+1 + Xz(T -1 -5)] 


(18) 


This still contains an integration to be performed numerically 
(Fig. 5). 

As a limiting case let both x and a be on the same side 
of the potential and far away from it, i.e., 

x,a>\, or -x,-a>\. (19) 

In this case 7=1 and S=0. Thus P(x,a) ea /? 1 (|x-a|) of Eq. 
(4). Note that the terms that were neglected were exponen¬ 
tially small. This result conforms with the reflection free 
property of the potential. In general P(a,a) = y2m/(4irfi 2 ) 
independent of a and X. 

V. INTEGRATED POLARIZATION 

The validity of the procedure used by Ruderman and 
Kittel to derive the polarization induced by a point field was 
demonstrated by Yosida. This can be extended to situations 
in which the elec'.on gas is subject to boundary conditions 
and spin independent potentials. Let $ K> „(x), c(k,v) represent 
the orbital wave functions and energies of the continuous 
part of the spectrum, where k is a continuous quantum num¬ 
ber while v labels the bands. Then it can be sho- t that the 
polarization satisfies 



y x' f ds K V |$*,p( a )l 2 

(2^7 J,, ir TTlv^5I* 

( 20 ) 


where the integration extends over the Fermi surfaces S Fv of 
all bands that arc partially filled. The right-hand side can be 
interpreted as counting the spin flips at the Fermi energy due 
to the point field. However the formula is derived using per¬ 
turbed wave functions and the unperturbed occupation of 
states. The bound states contribute only indirectly, through 
the orth gonality to the continuous states. Apart from justi¬ 
fying our method of calculation, Eq. (20) provides a shortcut 
to obtain the integrated polarization. 
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Spin reversal in Co/Au(111)/Co triiayers 

V. Grolier, J. Ferre, M. Galtier, a) and M. Mu!!oy a) 

Laboratoire de Physique des Solides, Bat. 510, Universite Paris-Sud, 91405 Orsay Cedex, France 

In Co/Au(lll)/Co triiayers exhibiting oscillatory interlayer coupling, we show how the nature and 
the strength of this interaction modify the magnetization reversal. In the case of antiferromagnetic 
(AF) coupling the magnetic domain patterns observed by Faraday microscopy differ drastically 
according to the amplitude of the coupling. This effect can be understood on the basis of the 
fluctuations of the effective field acting on a layer produced by the roughness of the Au interlayer. 
Among the ferromagnetically (F) coupled layers slighter differences are visible that can be 
accounted by changes of the anisotropy energy. 


INTRODUCTION 

Widely observed in systems with planar anisotropy, the 
oscillatory interlayer coupling has been detected in few sys¬ 
tems with perpendicular anisotropy. 1,2 Among them Co/ 
Au(lll)/Co is particularly attractive in view to study the 
magnetization reversal and the corresponding domain pat¬ 
terns, because much of the work has been devoted to simple 
Au/Co/Au sandwiches. 3 ' 4 The purpose of this article is to 
show how the spin reversal near the coercive field(s) is af¬ 
fected by the interlayer coupling and its oscillatory nature 
and to understand this behavior in light of what is already 
known about Au/Co/Au monolayers. 

SAMPLES AND EXPERIMENTAL TECHNIQUES 

The samples are Co/Au(lll)/Co triiayers grown by ther¬ 
mal evaporation in ultrahigh vacuum on a polycrystalline fee 
Au(lll) buffer. Details about the growth conditions and the 
structural properties of the samples are reported elsewhere. 1 

The Au interlayer has a stepped-wedge shape, with eight 
different thicknesses, from 2 to 9 atomic layers (AL). The 
two Co films have the same thickness—0.8 nm—and com¬ 
parable roughness (1 AL) in this range of Au interlayer thick¬ 
ness, as was shown by AFM and RHEED experiments. 5 
Therefore, for the thinnest samples (to,^3 AL), we can ex¬ 
pect that in the absence of coupling the top and the bottom 
layers have almost the same intrinsic coercive field and ex¬ 
hibit similar domain patterns during the reversal of magneti¬ 
zation. 

All the samples have perpendicular anisotropy and their 
magnetization was deduced from sensitive Faraday ellipticity 
measurements. At a more microscopic scale a Faraday mi¬ 
croscope with an objective of high numerical aperture (0.85) 
was used to observe domain patterns. 

RESULTS 

The hysteresis loops (Fig. 1) measured in perpendicular 
field confirm the oscillatory nature of the in‘ nlayer coupling: 
for t M =5 AL and 9 AL we observe two successive jumps of 
magnetization at different fields, thus revealing AF coupling. 


a) Institut d’Optique Theorique et Appliquce, Bat. 503, Universite Paris-Sud, 
91405 Orsay Cedex, France. 


For the other interlayer thicknesses, only one steep reversal 
is visible, occurring at a smaller coercive field for the thin¬ 
nest interlayers (f Au =2 AL and 3 AL). 

In the case of AF coupling, the two coercive fields are 
different enough to enable the observation of the domains in 
each Co layer separately. For strong AF interaction, the time 
evolution of the domain structures after premagnetizing the 
sample in a large negative field are shown Fig. 2. The first 
layer exhibits a dendritic growth of domains starting from a 
few nucleation centers. The situation is completely different 
in the second layer: a great amount of small domains are 
nucleated and very limited propagation of their walls is vis¬ 
ible afterwards. 

For small AF coupling (f Au =9 AL), if the reversals occur 
at different fields, the corresponding evolutions of the do¬ 
main patterns (Fig. 3) are identical: a domain wall is moving 
across the sample with a reduced deformation of its shape by 
pinning centers. 

Among the F coupled samples the less strongly coupled 
ones (fA« = 4, 6, 8 AL) form an homogeneous group with the 
same coercive field and identical domain patterns. The 
strongly F coupled films (r Au =2, 3 AL) behave differently, 
which appear clearly on magnetic after-effect curves. For 
these samples, one has to notice that beside the regular 
RKKY coupling a direct exchange interaction exists. Figure 
4 illustrates the influence of the strength of the F coupling on 
relaxation curves obtained for f Au =2 and 4 AL. Both the bias 
fields and the shape of the relaxation are different: for r Au =4 
AL we get a typical reversal dominated by domain wall 
propagation, whereas for ^Au ^ AL, the nucleation process 
plays a more important role and the needed applied fields are 
smaller, 

INTERPRETATION 

Bruno and Chappert, 4 first have pointed out in this sys¬ 
tem the importance of the inhomogeneities in the determina¬ 
tion of the coercivity via domain wall movement. In the case 
of coupled films, the effective field acting on each layer is 

^eff — ^appl "f" ^int > 

where // appl and are the applied and interaction fields, 
with // im >0 for AF coupling. Therefore, to the inhomogene¬ 
ities due to the structural roughness of each Co layer the ones 
produced by the fluctuations of H e(f due to the roughness of 
the interlayer are added. 
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FIG. 1. Hysteresis loops measured by magneto-optical Faraday ellipticity 
for different values of the Au interlayer thickness. 


When r Au =5 AL, the coupling is AF but its amplitude 
and its sign are very sensitive to the Au layer thickness. 1 In 
that case, taking into account a realistic roughness of the 
interlayer of 1 AL, islands of F coupled zones exist in a 
majority of AF coupled regions. It must be noted that this 
picture of islands is reasonable when the mean interlayer 
thickness is smaller than the so-called cutoff thickness equal 
to 5 AL in this system. 6 For the first Co layet, nucleation 
occurs where the effective field is the highest (AF zones) and 
the F islands act as obstacles to be avoided by the moving 
wall, which explains the dendritic shape of the walls. In the 
second Co layer, nucleation occurs in F zones and very rap¬ 
idly, the domain wall reaches an AF region which stops its 
motion. 

For f Au =9 AL, we are beyond the cutoff thickness and 
the fluctuations of the coupling are much smaller than near 
the first AF peak, namely 0.05 erg cm -2 for a change of the 
interlayer thickness of 1 AL. Besides, the variation of the 
anisotropy energy due to the roughness of each Co film is 0.1 
erg cm -2 when r Co =0.8 nm. Therefore, in this case, the AF 






FIG. 3. Co(0.8 nm)/Au(9 AL)/Co(0.8 nm): time evolution of the magnetic 
domain structure in the first Co layer (a) at H=624 Oe and in the second 
one (b) at H =768 Oe. 


coupling just shifts the magnetization reversals with respect 
to one another, but does not alter their mechanisms as com¬ 
pared to a single Au/Co/Au sandwich with r Co =0.8 nm. 

When the coupling is F another effect accounts for the 
differences observed between weakly and strongly coupled 
Co layers. The magnetic anisotropy of the above-mentioned 
samples (r Au =2 and 4 AL) was compared to the one of a 
Au/Co/Au sandwich (r Co =0.8 nm). For this purpose, the 
magnetic field is applied to 25° with respect to the sample 
plane and the variation of the perpendicular component of 
the magnetization is recorded as a function of the field 
amplitude. 7 The results are shown Fig. 5. 

Whereas the sample with f Au =4 AL is similar to the 
single Co film from the point of view of magnetic anisotropy, 
the strongly coupled one (t Au =2 AL) is softer and is compa¬ 
rable to a single 1.2-nm thick Co layer. 

Therefore, the differences observed in Fig. 4 can be un¬ 
derstood on the basis of the effective thickness deduced from 
the anisotropy measurements. They correspond to the trends 



0 t(s) 


FIG. 2. Co(0.8 nm)/Au(5 AL)/Co(0.8 nm): time evolution of the magnetic 

domain structure in the first Co layer (a) at //=336 Oe and in the second FIG. 4. Magnetic after effect for ( Au =2 AL (a) and r Au =4 AL (b) for dif- 
one (b) at H = 1008 Oe. ferent values of the applied field. 
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FIG. 5. Variation of the normal component of the magnetization under ap¬ 
plication of a magnetic field at 25° with respect to the film plane for two 
trilayers with r Au =2 AL and t A „=4 AL and for a 0.8-nm-thick Co mono- 
layer. 


observed for Au/Co/Au sandwiches: decrease of the coercive 
field, importance of the nucleation process when the Co 
thickness is increased. 8 

CONCLUSIONS 

As for Co monolayers, the fluctuations play an important 
role in the dynamics of the magnetization reversal but con¬ 
trary to the former case these fluctuations are not due to the 


own roughness of the Co films but results from the one of the 
Au interlayer. This effect is enhanced by the sensitivity of the 
coupling to the Au thickness, especially near the first AF 
peak. At lower thicknesses (strong F coupling), the differ¬ 
ences originate from the decrease of the magnetic anisotropy 
for thin Au interlayers. 
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Effect of coupling on magnetic properties of uniaxial anisotropy NiFeCo/ 
TaN/NiFeCo sandwich thin films 

T. Yeh, L. Berg, P. Witcraft, J. Falenschek, and J. Yue 

Honeywell, Solid State Electronics Center, Plymouth, Minnesota 55441 

The coercivity of the coupled NiFeCo thin films is a function of nickel-iron-cobalt (NiFeCo) film 
thickness and tantalum nitride (TaN) intermediate layer thickness. This can be attributed to the 
variation of energy and magnetization gradients of a domain wall. The magnetization gradient can 
be affected by a thickness-induced coupling effect associated with altering the exchange and 
magnetostatic interactions between the two NiFeCo films. Decreasing the exchange coupling and 
increasing the magnetostatic coupling between the coupled NiFeCo films tends to decrease the 
energy and magnetization gradients of domain walls and results in decreased coercivity. 


INTRODUCTION 

The success of utilizing coupled magnetic films as mag¬ 
netic sensors or memories largely depends upon a better un¬ 
derstanding and control of the magnetic coupling between 
the coupled magnetic films. One of the most striking effects 
of sandwich magnetic films, as compared to that of a single 
film, is the reduction of coercivity, which is attributed to 
reduced domain wall energy. 1-4 Theoretical calculation 
showed that the domain wall energy of coupled films can be 
significantly changed through the exchange and magneto¬ 
static coupling of the coupled films by varying the thickness 
of magnetic and nonmagnetic films. 2,5,6 In this article, the 
manner in which the magnetic properties of coupled NiFeCo 
films are affected by pure tantulum (Ta) and reactive-sputter 
TaN films is examined, and the magnetic properties of sand¬ 
wich NiFeCo/TaN/NiFeCo films as a function of TaN and 
NiFeCo film thicknesses are investigated. Also, the correla¬ 
tion between the coercivity of the coupled films and the do¬ 
main wall is discussed. 


EXPERIMENT 

Because of the nature of short-range interaction, the ex¬ 
change coupling of coupled films may be very sensitive to 
the thickness of the nonmagnetic interlayer and the interlayer 
material. The experiments for this article were performed as 
follow. First, the effect of Ta and TaN intermediate layers on 
magnetic properties of 150-A-thick coupled NiFeCo films 
was investigated. Second, how the nonmagnetic intennediate 
layer thickness affects the magnetic properties of the coupled 
films was studied. In this portion of the study, the 150-A- 
thick NiFeCo film was used with the intermediate TaN film 
thickness varying from 0 to 105 A. Third, in an attempt to 
study the magnetostatic coupling effect on the magnetic 
properties of the sandwich films, the NiFeCo films were var¬ 
ied from 150 to 600 A with the intermediate TaN film held 
constant at 50 A. 

Samples of NiFeCo/TaN/NiFeCo sandwich films were 
sputter deposited on a 4-in. silicon wafer coated with a thin 
sputtered silicon nitride film, rf sputtering was used to de¬ 
posit the NiFeCo films while the TaN was deposited by a dc 
reactive-sputter process with an Ar and N 2 mixture sputtering 
gas and a pure Ta target producing the NiFeCo/TaN/NiFeCo 


sandwich. The deposition rates of the films were carefully 
characterized while the thickness of the films was controlled 
by varying the sputtering time. 

Subsequent to the deposition, the film proper'ies were 
characterized by a B-H looper using a maximum 100-Oe 
applied field. The sheet resistance and B ’s of the films were 
used to monitor the thickness of the NiFeCo films. The mag¬ 
netic properties of the films, such as skew, dispersion a w , 
anisotropy field H K , and coercivity H c //, were determined 
by the B-H looper measurements. Atomic force microscopy 
(AFM) was used to characterize the surface topography of 
the sandwich films. 

The magnetic properties of the sample films are summa¬ 
rized in Tables I, II, and III. The skew and dispersion a, )0 
data demonstrate that all the sample films exhibit in-plane 
magnetic unaxial anisotropy with easy and hard axes perpen¬ 
dicular to each other. A typical easy and hard axis hysteresis 
loop of the sandwich film is shown in Fig. 1. The anisotropy 
field H k of the film was measured to be approximately 20 
Oe, showing results of the easy and hard axes hysteresis 
loops to be consistent with the skew and dispersion a 90 mea¬ 
surements. 


RESULTS AND DISCUSSION 

Before reporting and discussing the experimental results, 
we will first derive the relationship between coercivity and 
the domain wall energy of the coupled films. Because of the 
coupling effect in the configuration of two ferromagnetic 
films separated by a nonmagnetic film, the domain wall 
structure differs markedly from those observed in single fer¬ 
romagnetic films. One of the most striking properties of 
coupled magnetic films is the modification of domain wall 
reversal properties by comparison with those of single films. 
The coercivity is a quantitative measure of the magnetic field 
required to reverse the magnetization direction in the film. 
Local energy gradients constitute a generalized force tending 
to hinder the magnetization reversal process of a ferromag¬ 
netic film. 7 However, for a magnetic uniaxial anisotropy 
film, the local energy gradients of domain walls are the 
dominant hindrance of the magnetization reversal process. If 
we call the domain wall energy y, the coercivity is related to 
the derivative of this energy with respect to position dy/dx, 
the energy gradient. 8 
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TABLE I. Magnetic properties of the coupled NiFeCo films with different 
nonmagnetic intermediate layers. 


NiFeCo 

Interlayer 

B s 

Skew 

Dispersion 

Hk 

»cX 

thickness (A) 

thickness (A) 

(nW) 

(degree) 

(degree) 

(Oe) 

(Oe) 

150 

50 (TaN) 

2.41 

0.52 

0.7 

20.0 

0.45 

150 

50 (pure Ta) 

2.34 

-0.23 

0.8 

20.0 

1.38 


TABLE III. Magnetic properties of the coupled NiFeCo films as a function 
of NiFeCo film thickness (Fig. 4). 


NiFeCo 
thickness (A) 

TaN 

thickness (A) 

B s 

(nW) 

Skew 

(degree) 

Dispersion 

(degree) 

Hk 

(Oe) 

HeX 

(Oe) 

150 

50 

2.41 

0.52 

0.7 

20.0 

0.45 

200 

50 

3.26 

0.52 

0.7 

21.2 

0.38 

250 

50 

4.06 

0.54 

0.6 

21.6 

0.34 

600 

50 

10.12 

0.54 

0.5 

23.6 

0.25 


The total energy of the wall configuration is given by the 
sum of magnetostatic, anisotropy, and exchange terms, as¬ 
suming that the domain wall is Neel and quasi-Neel type and 
the wall is thick compared to the total thickness of the sand¬ 
wich film. 2,5,9 Therefore, the coercivity of the coupled films 
can be derived to be: 2 


Ben¬ 


dy 

dx 


(1 

i 

dM x \ 

= 2 ttD\- 

b+-D 

-7- 1 

\2 

max ' 

3 

\ dx ) 


+K cos 2 <f 


+A 


<Up \ 2 
dx) ’ 


(1) 


where D and d are thicknesses of the magnetic films and the 
nonmagnetic interlayer, respectively, K is the effective an¬ 
isotropy constant, and A is the exchange constant. One may 
note that the coercivity H c// is a function of dMJdx and 
d<p/dx, the magnetization gradients, with lower magnetiza¬ 
tion gradient resulting in lower coercivity. Also, a domain 
wall with lower magnetization gradient implies a wider do¬ 
main wall width. In other words, the domain wall width 
would be wider for the coupled film with lower coercivity 
due to lower magnetization gradient. The width of the do¬ 
main -vail appears to be inverse proportional to the square 
root of the coercivity H cll . 

Now, we move to a discussion of the effect of different 
intermediate layers on magnetic properties of the coupled 
NiFeCo films. The coercivity of the coupled NiFeCo films 
separated by a 50- A thick Ta film is measured to be 1.38 Oe, 
while the coercivity is reduced to 0.45 Oe when the coupled 
films are separated by a 50-A thick reactive-sputter TaN film. 
No effect from the anisotropy field H K on the coercivity 
would be expected because of the same H K were obtained in 
the two sample films. The coercivity reduction of the coupled 
NiFeCo film; with a TaN intermediate layer could be attrib¬ 
uted to the TaN film inducing a lower energy and magneti¬ 
zation gradient of the domain wall by altering the exchange 
and magnetostatic interactions between the magnetic films. 


TABLE II. Magnetic properties of the coupled NiFeCo films as a fuction of 
TaN thickness (Fig. 3). 


NiFeCo 
thickness (A) 

TaN 

thickness (A) 

Be 

(nW) 

Skew 

(degree) 

Dispersion 

(degree) 

»k 

(Oe) 

HeX 

(Oe) 

150 

0 

2.42 

0.4S 

0.8 

22.2 

2.16 

150 

17 

2.39 

-0.03 

0.7 

19.9 

0.55 

ISO 

35 

2.39 

-0.77 

0.6 

19.9 

0.48 

150 

50 

2.41 

0.52 

0,7 

20.0 

0.45 

150 

70 

2.42 

0.34 

0.9 

19.9 

0.63 

150 

88 

2.39 

-0,31 

1.0 

20.2 

1.06 

150 

105 

2.37 

0.74 

1.0 

20.0 

1.21 


The coercivity reduced by the intermediate TaN film may 
also have an impact on the domain wall structure of the 
coupled film. 

The magnetic properties of coupled 150-A NiFeCo films 
with varying TaN film thickness are summarized in Table II. 
The coercivity of the film with no TaN interlayer is measured 
to be 2.16 Oe, but when the film is separated by a 17-A TaN 
film, the coercivity decreases to 0.55 Oe. The anisotropy 
field H k decreases from 22.2 Oe for the film with no TaN 
interlayer to 19.9 Oe for the film separated by a 17-A TaN 
film. This decreasing in H K implies that the anisotropy con¬ 
stant K of the film separated by a 17-A TaN film is 10% 
lower, but the 10% decrease in the anisotropy constant alone 
cannot explain the four times reduction of the coercivity. The 




FIG. 1 Typical (a) easy axis (b) hard axis hysteresis loops of NiFeCo/TaN/ 
NiFeCo sandwich film. 
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TYPICAL SURFACE tOFMKAPHY UP COUFLEO NlF*To F 

FIG. 2. The surface topography of the coupled film (rms roughness=3.4 A). 


coercivity reduction may be attributed to lowering the mag¬ 
netization gradient of the domain wall induced by the 17-A 
intermediate TaN film. The intermediate TaN film may in¬ 
duce the magnetostatic coupling and decouple the exchange 
interaction between the two NiFeCo films. The surface to¬ 
pography of the sample film shown in Fig. 2 demonstrates 
very smooth surface roughness. The surface roughness of the 
film indicates that a 17-A thick intermediate TaN film is 
thick enough and continuous enough for the exchange cou¬ 
pling between the magnetic films to be weak or negligible, 
and for the magnetostatic interaction between the separated 
films to be appreciable which results in reducing the coerciv- 
ity. 

The coercivity as a function of the TaN intermediate 
layer thickness is shown in Fig. 3. As the TaN interlayer 
thickness increases, the coercivity decreases due to degrada¬ 
tion of the exchange coupling between the magnetic films 
when the coercivity reaches a minimum at 50 A. When the 
exchange interaction is degraded, the magnetostatic interac¬ 
tion between the two magnetic films comes to play a domi¬ 
nant role in determining the coercivity. While increasing the 
intermediate TaN thickness further, the magnetostatic inter¬ 
action between the coupled NiFeCo films decreases and re¬ 
sults in increasing the coercivity. 

The dependence of coercivity on TaN thickness could be 
caused by variation of the energy and magnetization gradi- 



FIG. 3. The coercivity of the coupled films as a function of TaN thickness 
(Table II). 



NiFeCo thickness (A) 

FIG. 4. The coercivity and anisotropy field of the coupled films as a func¬ 
tion of NiFeCo thickness (Table III). 

ents induced by varying the intermediate TaN thickness. 
Both the exchange and magnetostatic coupling between the 
coupled film could play a dominant role in different thick¬ 
ness regimes. The intermediate TaN film thickness may also 
have an effect on the domain wall structure. 

Table III summarizes the effect of magnetostatic cou¬ 
pling on the magnetic properties of coupled films when vary¬ 
ing the NiFeCo film thickness. The coercivity and anisotropy 
field of the coupled films as a function of NiFeCo film thick¬ 
ness is p'otted in Fig. 4. The coercivity was found to de¬ 
crease when increasing the thickness of the NiFeCo film, 
while the anisotropy field H K increased when increasing the 
NiFeCo film thickness. This increasing of the anisotropy 
field can be attributed to the NiFeCo film thickness-induced 
magnetostatic coupling. Increasing the magnetostatic cou¬ 
pling between the uniaxial anisotropy coupled films tends to 
increase the coupling strength along the easy axis and results 
in lowering the energy state. For this reason, the anisotropy 
field increased when increasing the thickness of NiFeCo 
film. A higher anisotropy field H K of the film would cause 
the coercivity to increase; therefore, the reduction of the co¬ 
ercivity is not due to increasing the anisotropy field. In this 
case, the coercivity can be related to the energy and magne¬ 
tization gradients of the -.main wall being decreased by 
increasing the magnetostatic coupling due to the thicker Ni¬ 
FeCo film. 

In summary, decreasing the energy and magnetization 
gradients of a domain wall through altering the exchange and 
magnetostatic interactions between the coupled magnetic 
films is responsible for the reduction of the coercivity of the 
coupled films. 
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Antiferromagnetic versus ferromagnetic coupling in Fe/Cr(107) 
and Cr/Fe(107) 
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Departamento de Fisica Teorica, Facultad de Ciencias, Universidad de Valladolid, 47011 Valladolid, Spain 

We have calculated the local magnetic moments and magnetic order for a Fe(Cr) monolayer 
adsorbed on a stepped Cr(Fe)(107) substrate. The electronic structure at T=0 K has been 
self-consistently determined within the unrestricted Hartree-Fock approximation of the Hubbard 
Hamiltonian in the framework of a real-space tight-binding method. In the Cr/Fe(107) system, two 
magnetic arrangements have been obtained, the more stable being the less frustrated as obtained in 
the case of V overlayers on vicinal substrates of Fe. An analysis of both solutions in terms of the 
total energy calculation and the different degree of frustration is presented. For Fe/Cr(107), a 
two-step periodicity is obtained. The sign of the magnetization at the Fe overlayer changes from step 
to step. This spin-flop transition is consistent with the two-layer period oscillation recently observed 
in Fe/Cr/Fe wedge structures, and with the total magnetization determined from in situ 
magnetometer measurements during growth of ultrathin Fe films on Cr(001). 


Considerable attention has been devoted for 15 years to 
the study of a possible enhancement of the spin polarization 
at the surface of Fe and Cr 1-6 and, more recently, to a physi¬ 
cally transparent explanation of the exchange coupling of 
adjacent Fe layers across a Cr spacer. Antiferromagnetic ex¬ 
change coupling of adjacent Fe layer magnetizations through 
Cr layers was found by Griinberg et al. 1 through light scat¬ 
tering and by Baibich et al. s through magnetoresistance ex¬ 
periments. Besides oscillations from ferromagnetic (FM) to 
antiferromagnetic (AFM) exchange couplings with a long 
period, Unguris, Celotta, and Pierce 9 and Purcell et al. 10 
have discovered oscillations with a period of two Cr mono- 
layers when the crystallographic quality of the Fe/Cr inter¬ 
face is extremely good. The coupling was measured on a 
sample consisting on a Fe(100) single-crystal whisker sub¬ 
strate, a Cr wedge deposited by molecular beam epitaxy and 
covered by the Fe overlayer. As discussed in those papers, 9,10 
the sign of the polarization of the Fe overlayer changes from 
step to step. 

There is agreement between most of the theoretical cal¬ 
culations concerning the Fe/Cr systems, whereas the experi¬ 
mental results indicate the possibility of complex magnetic 
behaviors in some cases. In a recent work, Turtur and 
Bayreuther 11 have used an in situ alternating gradient mag¬ 
netometer (AGM) to continuously monitor the magnetic mo¬ 
ment in ultrathin Cr films on Fe(100) during growth in ultra- 
high vacuum with submonolayer sensitivity. They have 
reported an evident deviation from layered-AF order in the 
first two-three Cr monolayers, a very strong moment en¬ 
hancement in submonolayer Cr films, and a complex mag¬ 
netic order of Cr moments close to the Fe substrate. From 
these results the necessity of further band and total-energy 


**On leave from Departamento de Fisica Teorica, Facultad de Ciencias. Uni¬ 
versidad de Valladolid, 47011 Valladolid, Spain. 


calculations for corresponding model structures in these 
Fe/Cr systems is obvious. 

It is the aim of this communication to explore the experi¬ 
mental results obtained by Unguris et al. and Purcell et al. 
for the Fe/Cr wedge structure, and to investigate the possible 
magnetic arrangements one can find at Cr monolayers depos¬ 
ited on nonideal substrates of Fe, as a first step for under¬ 
standing the complex behaviors one can expect for thicker 
coverages. 

In the following we present and discuss the results (local 
magnetic moments and magnetic order) obtained for the 
monolayer of Cr adsorbed on the stepped (107) substrate of 
Fe and for the monolayer of Fe on Cr(107). For this study, 
we have calculated the spin-polarized electronic-charge dis¬ 
tribution for the valence 3d electrons using a self-consistent 
tight-binding real-space model within the unrestricted 
Hartree-Fock approximation of the Hubbard Hamiltonian. 
This method has been recently applied to describe the spin 
polarization at the Fe/V interface 12 and at vicinal surfaces of 
Cr. 13 Instead of going into detail, we refer the reader to these 
works. 

In Fig. 1 we show the two magnetic arrangements ob¬ 
tained for Cr/Fe(107). In both cases, a periodicity of one step 
is obtained, together with AF coupling between most of the 
Cr atoms and the Fe substrate. Moreover, the Cr atoms at the 
edge of the step and at the kink positions are antiferromag- 
netically coupled. This result, which is consistent with the 
tendency of Cr to present AF coupling between nearest 
neighbors, gives an indication of the importance of the short- 
range-order interactions in these materials. These two solu¬ 
tions differ, however, in the degree of frustration. The main 
qualitative difference between them arises from a change of 
the sign of the local magnetization at the Cr atoms located at 
the kink and edge of the step. In the solution (a), the Cr at the 
edge displays a magnetic moment of -1.5l/x B , and the Cr 
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(a) 



FIG. 1. Magnetic moment fi (in units of /x s ) per atom for the two solutions 
(a) and (b) obtained for the Cr monolayer adsorbed on the stepped (107) 
substrate of Fe. Open circles represent the Cr atoms whereas the filled 
circles represent the Fe atoms. The figure is given by projection in the (010) 
plane. 


atom at the kink, a moment of 0.60/n s , which is ferromag- 
netically coupled with four nearest-neighbor Fe atoms of the 
subsurface layer. Since Fe and Cr nearest neighbors tend to 
couple antiferromagnetically, strong frustration is present in 
the surrounding of the defect for solution (a). In contrast, in 
the solution (b), only the Cr atom at the edge (which displays 
a moment of 2.35 fi B ) is ferromagnetically coupled with two 
nearest-neighbor Fe atoms of the subsurface layer. Thus, the 
degree of frustration is lower in solution (b) and the local 
magnetization around the defect results larger than in the 
solution (a). A total-energy calculation for the two magnetic 
arrangements gives a difference of 0.009 eV per atom within 
the cell of Fig. 1, which stabilizes the less frustrated solution 
(b). The same magnetic arrangement has been obtained as 
the more stable one in vanadium overlayers on vicinal sub¬ 
strates of iron. 14 A detailed inspection of the energy contri¬ 
bution of each atom within the system shows that most of the 
difference in the energy comes from the surrounding of the 
defect (kink and edge atoms) up to second nearest neighbors, 
j indicating that the different degree of frustration plays an 

important role in the stabilization of solution (b) (a similar 
behavior has been obtained in the same kind of calculations 
for an infinite step 15 ). However, the small difference of en¬ 
ergy between them and the fact that experiments are per¬ 
formed at finite temperatures permit us to speculate about the 
possible coexistence of both solutions at finite temperature. 
Furthermore, the perfect layered-AF structure of Cr is broken 
as a consequence of the defect, since atoms at the kink in 
solution (a) and at the edge in solution (b) display a local 
moment opposite to the rest of Cr atoms belonging to the 
same plane. Complex magnetic order of Cr moments close to 
the Fe substrate has been pointed out by Turtur and 



FIG. 2. Magnetic moment fi (in units of fi B ) per atom obtained for the Fe 
monolayer adsorbed on the stepped (107) substrate of Cr. 

Bayreuther in recent experiments on ultrathin Cr films on 
Fe(lOO). 11 

In Fig. 2, the results are shown for the most stable mag¬ 
netic arrangement obtained in the Fe/Cr(107) system. In this 
case, F coupling between the kink and edge atoms of the Fe 
overlayer is obtained, in agreement with the tendency be¬ 
tween nearest neighbors of Fe. Moreover, a periodicity of 
two steps is imposed by the AF Cr substrate, as can be seen 
in Fig. 2. Thus, the sign of the magnetization at the Fe over¬ 
layer oscillates from step to step. This spin flop gives support 
to the fact that the two-layer period oscillation of the ex¬ 
change coupling between Fe layers observed in Fe/Cr/Fe 
v/edge structures 9,10 is favored by the AF order of the Cr 
substrate, particularly for large Cr thickness. Furthermore, 
the total magnetic moment at the Fe overlayer results in zero, 
in agreement with the total moment measurements of 
Bayreuther 16 for Fe overlayers on Cr. Frustration effects are 
also present in this case, since the Fe atom at the edge is 
ferromagnetically coupled with two nearest-neighbor Cr at¬ 
oms at the subsurface layer. Another two (less stable) mag¬ 
netic arrangements are present for this system. One of them 
appears when Fe atoms at the kink and edge change the sign 
of their local magnetization. 13 In the third solution, the local 
magnetic moment in all Fe atoms points in the same direc¬ 
tion, so that an F iron overlayer is obtained. However, the 
strong frustration present in this case give rise to a difference 
in energy of 0.004 eV per atom with respect to the most 
stable one. 

The present work shows that if a steplike defect is con¬ 
sidered at the surface or interface of these materials, various 
magnetic configurations can be found and, in some cases, 
with small differences in energy between them. Due to the 
strong environment dependence of the magnetic properties, 
one expects the surface reconstruction of the presented 
stepped systems to have an important influence in the mag¬ 
netic arrangement. Thus, for a full understanding of the ex¬ 
perimental observations, 11,16 the geometrical structure has to 
be treated in the same level as the electronic structure in the 
model calculations. Here, we have studied the effect of the 
steps, b t other phenomena like the mentioned reconstruc¬ 
tion, intwrdiffusion, or local inclusions of other surface ori¬ 
entations deserve to be also analyzed. Calculations along 
these lines are in progress. 

This work has been partly supported by DGICYT 
(Spain) and Junta de Castilla y Leon (Spain). A. V. would 
like to acknowledge Ministerio de Education y Ciencia 
(Spain) for a post-doctoral grant. 
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Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100) (invited) 
(abstract) 

Joseph A. Stroscio, D. T. Pierce, J. Unguris, and R. J. Celotta 

Electron Physics Group, National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

The giant magnetoresistance and the interlayer exchange coupling between magnetic layers 
separated by nonmagnetic spacer layers are sensitive to the roughness at the interfaces in multilayer 
magnetic structures. We present scanning tunneling microscopy (STM) measurements of the 
thickness fluctuations in Cr films grown at different temperatures on near-perfectly flat Fe(100) 
whiskers and correlate these results with our scanning electron microscopy with polarization 
analysis (SEMPA) measurements of the oscillations of the exchange coupling in Fe/Cr/Fe(100) 
structures grown at similar temperatures. Layer-by-layer growth was observed by STM for Cr 
deposition on an Fe substrate at deposition temperatures greater than 300 °C. The SEMPA 
measurements of the Fe overlayer magnetization as a function of Cr spacer layer thickness for Cr 
growth at this temperature could be simulated well by oscillatory coupling with periods 
2.105±0.005<i and 12±1 d, where d is the layer spacing. Rougher Cr growth, limited by diffusion 
kinetics, is observed at lower temperatures, giving a distribution of thicknesses in the growth front. 

We modeled the Fe magnetization for lower temperature Cr growth by assuming that the exchange 
coupling at each discrete Cr thickness is the same as found for layer-by-layer growth. The total 
coupling at each average Cr spacer layer thickness was determined by adding the weighted 
contribution to the coupling from each Cr layer thickness contributing to the average thickness. Very 
good agreement was obtained with the SEMPA measurement of the Fe overlayer magnetization for 
Cr growth at lower temperatures without including other consequences of roughness at the interface, 
such as the breakdown of translational invariance. 


This work was supported by the Office of Technology Administiation of the 
Department of Commerce and by the Office of Naval Research. 
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Exchange magnetic coupling through nonmagnetic insulator spacers 
(abstract) 

Shufeng Zhang 

Department of Physics, New York University, New York, New York 10003 

Interlayer magnetic coupling has been found in magnetic multilayers with nonmetallic spacers. 1,2 In 
metallic spacers the coupling is provided by electrons at the Fermi sphere; in nonmetallic spacers the 
coupling is either due to localized states or to thermally activated conduction electrons (or by other 
external means, e.g., photon exposure). We calculate this coupling by extending the RKKY-like 
interaction to insulator bands at finite temperatures. Since the length scale l/k F (where k F is the 
Fermi wave vector) that governs the oscillatory behavior of coupling for metallic spacers does not 
appear in the present case, the form of the coupling with respect to the thickness and temperature 
is quite different for metallic and for nonmetallic spacers. We study the interlayer coupling for two 
types of spacers, crystalline, and noncvystalline (amorphous) semiconductors. For the former, the 
conduction (or valence) bands are well-defined and the calculation of the coupling is rather 
straightforward. The coupling at room temperature oscillates from ferromagnetic to 
antiferromagnetic and back to weakly ferromagnetic as the thickness of the spacer layer increases. 

The antiferromagnetic coupling only exists in a narrow range of the thickness of the spacer layer. 

For an amorphous semiconductor spacer, the coupling can be expressed in terms of localized states. 

Within the variable range hopping picture, one can relate these localized states to the localization 
length. We discuss the range and temperature dependence of the coupling for amorphous spacers. 

Our calculations are in good agreement with experimental results. 


This research was sponsored by the Office of Naval Research. 
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Fabrication of magnetostrictive actuators using rare-earth (Tb,Sm)-Fe thin 
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A new concept is proposed for the microactuation based upon magnetostriction. Magnetostrictive 
bimorph cantilever actuators and a traveling machine, composed of the magnetostrictive amorphous 
Tb-Fe and Sm-Fe thin films on a polyimide substrate, were fabricated. These actuators moved 
without power supply cables. The 3-mm-long cantilever actuator exhibited the large deflection 
above 100 pm in as low a magnetic field as 300 Oe and above 500 pm at resonant frequency in an 
alternating magnetic field of 300 Oe. Such unique characteristics suggest that magnetostriction is 
useful as the driving force of the microactuatoi. 


I. INTRODUCTION 

A high-performance microactuator is required for the 
microelectromechanical system (MEMS). Several driving 
principles for the microactuator such as electrostatic force, 
electromagnetic force, piezoelectric effect, thermal expan¬ 
sion, and shape memory effect have been proposed up to 
now. In principle, electrostatic force devices are favorable for 
the /rm-size actuators, 1 but some practical applications re¬ 
quire larger mechanical forces than those obtained by elec¬ 
trostatic forces. 

On the other hand, the electromagnetic force, which is 
predominant in a macroworld, had been considered to be 
unsuitable for the microactuator because it is a body force; 
however, recent developments of the three-dimensional mi¬ 
cromachining techniques have enabled magnetic microstruc¬ 
tures having enough volume to generate large mechanical 
forces. As a result, some magnetic microactuators have been 
demonstrated. 2 ' 3 In the future, the magnetic microactuator is 
expected to play an important part of the MEMS. 

In this article we propose a new concept for the micro¬ 
actuation based upon magnetostriction. The advantages of 
the magnetostrictive actuator are as follows: (1) The combi¬ 
nation of a positive magnetostrictive material and a negative 
one enables a large deflection; (2) no power supply cable is 
required for its actuation because it is driven by external 
magnetic fields. 

In spite of these advantages, only an in-pipe mobile ro¬ 
bot made of a “bulk” magnetostrictive material has so far 
been reported. 4 Taking account of miniaturization and inte¬ 
gration with other microelements, a magnetostrictive “thin 
film” should be used for the microactuator. In order to de¬ 
velop such thin-film actuators, we needed magnetic thin 
films with large magnetostriction in low magnetic fields. 
Here we used amorphous Tb-Fe thin films having positive 
magnetostriction and amorphous Sm-Fe thin films having a 


negative one. Both films exhibited a large magnetostriction 
of above 10 -4 in low magnetic fields. 5,6 

In this article we fabricated two kinds of magnetostric¬ 
tive “bimorph” cantilever actuators of different sizes and a 
traveling machine using the Tb-Fe and Sm-Fe thin films. We 
examined their basic properties and discussed their merits for 
the microactuators. 

II. MAGNETOSTRICTIVE MATERIALS 

The magnetostriction of the conventional materials such 
as Ni, Fe-Al, and amorphous Fe-Si-B is only 30-40X10 -6 . 
On the other hand, some of rare-earth-transition-metal (RE- 
TM) crystalline alloys have very large magnetostriction 
above 10 3 . In particular, TbFe 2 has the largest positive mag¬ 
netostriction and SmFe 2 has the largest negative one; 7 how¬ 
ever, they have very large magnetocrystalline anisotropies 
and in general need large magnetic fields to saturate the mag¬ 
netostriction. In order to reduce the magnetocrystalline an¬ 
isotropy, two methods can be used: One is to alloy positive 
and negative magnetocrystalline materials such as 



FIG. 1. Applied magnetic-field dependence ol the magnetostriction for 
Tb-Fe thin films 


6994 J. Appl. Phys. 76 (10), 15 November 1994 


0021 -8979/94/76(10)/6994/6/$6.00 


© 1994 American Institute of Physics 









4 


\ 


t 



FIG. 2. Applied magnetic-field dependence of the magnetostriction for 
Sm-Fe thin films. 


(Tb,Dy)Fe 2 and the other is to prepare amorphous state ma¬ 
terials. In our study we applied the latter, because amorphous 
RE-TM thin films are easily obtained by a sputtering tech¬ 
nique. 

Details of the magnetic properties of the amorphous 
Tb-Fe and Sm-Fe thin films have been already reported in 
our previous articles. 5,6 In this section, we explain the out¬ 
line. 

Figure 1 shows the applied magnetic-field dependence of 
the magnetostriction for the Tb-Fe thin films having different 
compositions. The magnetostriction at 16 kOe exhibited 
large values above 250X10 -6 in a wide composition range 
for 28-46 at. % Tb; however, the low-magnetic-field char¬ 
acteristics largely depended on the film composition because 
of the composition dependence of the magnetic anisotropy. 

The films with 18-40 at. % Tb content had perpendicu¬ 
lar magnetic anisotropy and needed high magnetic fields to 
saturate in-plane magnetization. On the other hand, the films 
with above 45 at. % Tb content had in-plane magnetic an¬ 
isotropy. In this case, the in-plane magnetization increased 
rapidly in low magnetic fields, and accordingly the magne¬ 
tostriction increased in the same manner. The saturation 
magnetostriction decreased with increasing Tb content above 
50 at. % Tb; therefore, we used the 45-50 at. % Tb-Fe thin 
films for further examinations. 

Figure 2 shows the applied magnetic-field dependence of 
the magnetostriction for the Sm-Fe thin films having differ¬ 
ent compositions. The magnetostriction increased rapidly in 
low fields regardless of Sm content because Sm-Fe thin films 
always had in-plane magnetic anisotropy. The maximum ab¬ 
solute values of 250-300X10 -6 at 1 kOe and 300-400 



Tb-Fe film (1 u m) 


Polyimide (7.5,50,125 /im) 


Sm-Fe film (1 smj 



FIG. 3. Side view of the cantilever actuator. 




FIG. 4. Actuation behavior of the magnetostrictivc bimorph cantilever. 


XlO" 6 at 16 kOe were obtained at 30-40 at. % Sm. In this 
experiment we chose the 30-40 at. % Sm-Fe films for the 
fabrication of actuators. 


III. DEVICE CONCEPT 

Figure 3 shows the side view of the magnetostrictive 
bimorph cantilever. On a surface of a polyimide substrate, 
which has low elastic stiffness and high thermal stability, the 
Tb-Fe film is sputtered and on the opposite surface the 
Sm-Fe thin film is sputtered. 

Figure 4 shows the actuation behavior of the magneto¬ 
strictive bimorph cantilever. When a magnetic field is ap¬ 
plied along the cantilever length direction, the Tb-Fe film 
expands and the Sm-Fe film contracts in the length direction 
and as a result the cantilever deflects downward [Fig. 4(a)]. 
Next, when a magnetic field is applied along the cantilever 
width direction, the Tb-Fe film contracts and the Sm-Fe film 
expands in the length direction and then the cantilever de¬ 
flects upward [Fig. 41b)]. 

A bending behavior for the cantilever with composite 
structure such as a thermally excited bimetal cantilever 8 and 
a piezoelectric bimorph cantilever 9 has been analyzed using 
a classical method. Therefore, we applied this theory to the 
magnetostrictive cantilever and described below. 

For the cantilever of total thickness It and length L , let 
the z direction be the thickness dimension and a neutral axis 
be located at z=0. We defined « (0<n<l) to satisfy the 
condition that the upper surface and the lower one are lo¬ 
cated at z=nh and z-(rt-\)h, respectively. The neutral 
axis can be found from 

f nh 

E(z)z dz= 0, (1) 

J(n -1 )h 

where E(z) is Young’s modulus as a function of thickness. In 
this article we assume that Tb-Fe and Sm-Fe films have the 
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FIG. 5. Calculated deflection of magnetostrictive bimorph cantilevers as a 
function of thickness of each magnetic layer. 

same Young’s modulus and thickness; therefore, the neutral 
axis is located in the geometric center for a bimorph struc¬ 
ture, that is, n= 0.5. 

When a magnetic field is applied along the length direc¬ 
tion, the radius of bending curvature R caused by magneto¬ 
striction can be expressed by 

S$- m E(z)z 2 dz 
S(n-l)hE(z)Mz)z dz’ 

where \(z) is the strain in the length direction caused by 
magnetostriction as a function of thickness and magnetic 
field. The tip deflection of the cantilever S is 

S=R[l~cos{L/R)]. (3) 

In our study, R is much larger than L. Therefore, Eq. (3) can 
be approximated by 

S=L 2 /2R. (4) 

This equation indicates that the deflection decreases strongly 
with decreasing the cantilever length. 

Next, when a magnetic field is applied along the width 
direction, we approximated that the strain in the length di¬ 
rection by magnetostriction is -\(z)/2. Accordingly, the 
cantilever i effects in the opposite direction and the tip de¬ 
flection is a half of that expressed in Eq. (4). When the can¬ 
tilever is driven in rotating in-plane magnetic fields, the total 
deflection is the sum of the deflection caused by a magnetic 
field along the length section and that by a magnetic field 
along the width direct .i. 

Figure 5 shows the calculated tip deflection for the bi¬ 
morph cantilever with a length of 10 mm as a function of 
thickness of each magnetic film layer when it is driven in a 
rotating in-plane magnetic field. In this calculation, we as¬ 
sumed the magnetostriction values of \- n ,. Fe =150X10” 6 for 
Tb-Fe films and X SnvFe = -250X10 -6 for Sm-Fe films. These 
are typical experimental values obtained at 1 kOe on a glass 
substrate. The calculated deflection increases with decreasing 
the substrate thickness and that each substrate has the opti¬ 
mum thickness of the magnetic film to exhibit the maximum 
deflection. This calculation excludes the stress and strain in 
the width direction and the magnetic torque described later, 
but is effective to estimate the brief operation of the cantile¬ 
ver. 


IV. FABRICATION 

The amorphous Tb-Fe and Sm-Fe thin films were pre¬ 
pared by the rf magnetron sputtering method. They were 
deposited to a thickness of 1 /im on each surface of a rect¬ 
angular polyimide- substrate. The sputtering target used was 
composed of a pure Fe plate (3 in. diameter) and small Tb or 
Sm chips. The film composition was 45-50 at. % Tb for the 
Tb-Fe films and 30-40 at. % Sm for the Sm-Fe films as 
mentioned above, rf input power was 200 W, and Ar gas 
pressure was 4-10 mTorr for the Tb-Fe films and 10 mTorr 
for the Sm-Fe films. During sputtering, the substrate was 
water cooled. In order to prevent the oxidation of the mag¬ 
netostrictive thin films, Si0 2 films with a thickness of 0.05- 
0.1 fim were coated on them. 

After deposition, we clamped one end of the substrate 
and then obtained the magnetostrictive cantilever actuators 
as shown in Fig. 3. In this experiment, we fabricated two 
kinds of the cantilever actuators. One was a 10-mm-long 
cantilever using a commercial polyimide film with a thick¬ 
ness of either 7.5, 50, or 125 fi m. The other was a microcan¬ 
tilever with a length of 3 mm using a 3-/xm-thick polyimide 
film. This very thin substrate was made from 7.5-/zm-thick 
polyimide by reactive-ion etching (RIE) using 0 2 gas. The 
tip deflection of the cantilever was measured by both a three- 
terminal capacitance method 10 and direct observation using 
the optical microscope. 

V. RESULTS AND DISCUSSION 

A. Magnetic properties on a polyimide substrate 

Before fabrication of the actuators, we investigated the 
magnetic properties of the Tb-Fe and Sm-Fe films sputtered 
on the polyimide substrate. 

Figure 6 shows the magnetization curves of (a) Tb-Fe 
thin films on the glass substrate, (b) the 50-ynm-thick poly¬ 
imide substrate, and (c) the 3-/um-thick polyimide substrate. 
The 3-/zm-thick substrate was the thinnest for our present 
techniques. The in-plane magnetization on the glass substrate 
increased rapidly in low magnetic fields, while that on the 
50-/nm-thick polyimide required high magnetic fields to satu¬ 
rate. This result suggests that we could not obtain the large 
magnetostriction in low magnetic fields when the 50-/um- 
thick polyimide was used. This change of the magnetic prop¬ 
erties was caused by the large compressive stress in the 
Tb-Fe film with large positive magnetostriction. We think 
that this compressive stress was generated by the difference 
of the thermal expansion and/or the thermal contraction of 
the polyimide during sputtering; however, the magnetic 
properties on the 3-/xm-thick polyimide was similar to those 
on the glass substrate. The stress in the Tb-Fe film from the 
c ubstrate decreased with decreasing the thickness of the 
polyimide substrate. 

On the other hand, the magnetic properties of the Sm-Fe 
films were less dependent on the substrate material, com¬ 
pared with those of Tb-Fe films. It seems that the compres¬ 
sive stress hardly influenced the magnetic properties of the 
Sm-Fe film because of negative magnetostriction. 
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FIG. 6. Magnetization curves of Tb-Fe films 


Generally, magnetic properties of the magnetostrictive 
material are greatly influenced by the stress. It is necessary to 
pay attention to the stress generated during the deposition 
and the micromachining process. 



FIG. 7. Applied magnetic-field dependence of the deflection for 10-mm- 
long cantilevers. 

B. 10-mm-long cantilever 

In this subsection we examined the basic properties of 
the magnetostrictive cantilever. The cantilevers were 10 mm 
long and 4 mm wide. 

Figure 7 shows the applied magnetic-field dependence of 
the deflection, when the cantilevers were driven in a rotating 
in-plane magnetic field. It is seen that each cantilever exhib¬ 
ited the large deflection in relatively low magnetic fields and 
that the deflection increased with decreasing the substrate 
thickness. The deflection of the cantilever using a 7.5-/zm- 
thick polyimide exhibited the maximum value of approxi¬ 
mately 500 /xm at 1-1.5 kOe. 

In the case of using the 7.5-/zm-thick polyimide, how¬ 
ever, the deflection decreased at high magnetic fields above 2 
kOe. This was due to the magnetic torque generated by the 
large directional difference between the magnetic moment in 
the films and the applied magnetic field, when a high mag¬ 
netic field was applied along the length direction as shown in 
Fig. 4(a). We must des »n the magnetostrictive actuator, tak¬ 
ing account of both the amplitude and the direction of the 
applied magnetic field. 

C. Microcantilever 

From the results of the magnetic properties on the poly¬ 
imide substrate and the 10-mm-long cantilever, we found 
that a thinner substrate was effective to obtain the large de- 



FIG. 8. Applied magnetic-field dependence of the deflection for a 3-mm- 
long cantilever. 
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FIG. 9. Excitation frequency dependence of the deflection. 


flection. Therefore, we fabricated a trial microcantilever us¬ 
ing a 3-/im-thick polyimide substrate. The cantilever was 3 
mm long and 0.5 mm wide. In this experiment we examined 
its hysteresis and dynamic behavior. 

Figure 8 shows the hysteresis curve of the tip deflection 
of the microcantilever when a magnetic field was applied 
along the width direction, where the deflection was little in¬ 
fluenced by the magnetic torque. It exhibited a large deflec¬ 
tion above 100 /mi at as low a field as 300 Oe. This deflec¬ 
tion was equivalent to more than 1 mm of the 10-mm-long 
cantilever as seen from Eq. (4); besides, this microcantilever 
had relatively small hysteresis. Such characteristics of the 
cantilever actuator were suitable for application as a mi¬ 
cropositioning device. 

Figure 9 shows the excitation frequency dependence of 
the deflection when alternating magnetic fields of 200 and 
300 Oe were applied along the width direction. Note that the 
vibrational frequency was double the excitation frequency 
because the cantilever deflected in the same direction for 
both positive and negative magnetic fields. The cantilever 
exhibited the maximum deflection above 500 /tm at an exci¬ 
tation frequency of 92 Hz, where the vibrational frequency 
agreed with its mechanical resonant frequency. This maxi¬ 
mum deflection was five times as large as that in a static 
field. Two small peaks observed around 30 and 45 Hz were 
caused by the harmonics of the vibration. 


• 13 mm 


Tb-Fe (1//m) 


• Polyimide filrr 
(7.5 u m) 


Sm-Fe (1/Am) 


•wwuvmwuvuw ww vtty 


FIG. 11. Schematic view of a traveling machine. 


We describe the future direction of the actuator design 
on the basis of Eq. (3). Figure 10 shows the calculated de¬ 
flection of the bimorph cantilever with a length of 1 mm as a 
function of the substrate thickness when it is driven in a 
rotating in-plane magnetic field. Ef and E s are the Young’s 
modulus of the magnetostrictive films and substrate, respec¬ 
tively. Note that the deflection was a function of ratio of 
EflE s . In our experiment, Ef/E s is about 12 and the magne¬ 
tostrictive films were supposed to be 1 /im thick and have 
magnetostriction as in the case of Fig. 5. The deflection in¬ 
creased gradually with decreasing the substrate thickness, 
and when substrate thickness is zero, that is, a “bimetal” 
structure composed of the Tb-Fe film and the Sm-Fe film, the 
predicted deflection exhibits the maximum value of 225 /im. 


D. Traveling machine 

We fabricated a traveling machine using the magneto¬ 
strictive bimorph actuator with 7.5-/im-thick polyimide as 
shown in Fig. 11. Its two legs at both ends were inclined so 
that it could travel in one direction. When an alternating 
magnetic field was applied, it vibrated and traveled in the 
arrow direction on disk planes as well as inside a quartz 
tubes (6.5 mm in diameter). 

Figure 12 shows the excitation frequency dependence of 
the average traveling velocity when an alternating magnetic 
field of 300 Oe was applied along the machine width direc¬ 
tion. The traveling machine needed the excitation frequency 



FIG. 10. Calculated deflection of the 1-mm-long cantilever as a function of 
the substrate thickness. 
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above 50 Hz to begin to travel and exhibited the maximum 
speed of approximately 5 mm/s around the mechanical reso¬ 
nant frequency of 200 Hz. 

This magnetostrictive traveling machine requires no 
power supply cables which disturb its actuation in a micro¬ 
world; therefore, magnetostriction is suitable for the driving 
force of the traveling micromachine. 

VI. CONCLUSIONS 

We fabricated cantilever actuators and a traveling ma¬ 
chine using magnetostrictive Tb-Fe and Sm-Fe thin films and 
examined their basic properties. They showed unique char¬ 
acteristics such as large deflection and wireless driving. 
These results indicate that the magnetostrictive actuation is 
useful as the driving force of microactuators. 
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Preparation and applications of magnetostrictive thin films 

E. Quandt, B. Gerlach, and K. Seemann 

Kernforschungszentrum Karlsruhe GmbH, Institute of Materials Research I, D-76021 Karlsruhe, Germany 

Amorphous magnetostrictive films of the binary compound Sm^Fe^ as well as of the ternary 
compound (TbyDyi-^^Fe^^. were prepared by rf or dc magnetron sputtering using either a 
multitarget arrangement with pure element targets or cast composite-type targets. The 
magnetostrictive properties of (Tb 0 . 3 Dy 07 ) 04 Fe 06 and Sm 04 Fe 06 films were investigated in relation 
to their preparation conditions. Depending upon these conditions (especially upon the deposition 
rate, the bias voltage, and the Ar sputtering pressure) amorphous films with a giant magnetostriction 
of about 250 ppm (-220 ppm) at 0.1 T and 400 ppm (-300 ppm) at 0.5 T for the TbDyFe (SmFe) 
and an in-plane magnetic easy axis could be prepared. In view of applications in microsystem 
technologies (e.g., pumps, valves, positioning elements) these films have been tested in a simple 
cantilever arrangement and the predicted deflection of a magnetostrictive actuated membrane has 
been calculated. 


I. INTRODUCTION 

Giant magnetostriction in thin films is thought to be a 
promising actuator mechanism for microactuators. Due to 
the interest in such applications, research has focused upon 
materials exhibiting low-field magnetostriction and soft- 
magnetic properties. During the last few years various at¬ 
tempts have been made to improve the low-field magneto¬ 
strictive properties of amorphous rare-earth-Fe films. 
Successful approaches were to increase the total rare-earth 
content compared to that of the crystalline phases, 1 to alloy 
different rare earths to compensate the anisotropy, 2 to adjust 
the preparation conditions in order to induce tensile film 
stresses, 3 and to add small amounts of B to change the amor¬ 
phous state of the films. 4,5 

The present article describes the influence of preparation 
conditions (sputtering power, Ar sputtering pressure, bias 
voltage) on the composition, microstructure, and in-plane 
magnetostrictive properties. Functioning tests and calcula¬ 
tions are then discussed which show the behavior of possible 
actuator components based on these films. 

II. EXPERIMENTAL WORK 

The binary systems TbFe and SmFe were dc magnetron 
sputtered by the multitarget arrangement with pure element 
targets. 1 For the rf or dc magnetron sputtering of the TbDyFe 
films a cast composite-type target (Degussa AG/Leybold Ma¬ 
terials) was used. The Tb/Dy ratio of this target, 
(Tb 0 3 Dy 07 ) 042 Fe 0 5 g, was chosen in accordance with results 
on the rare-earth anisotropy compensation composition at 
room temperature 6 and its total rare-earth content according 
to results that have been reported previously. 1 Typical depo¬ 
sition rates, with an Ar sputtering pressure of 0.4 Pa, are 
3 /xtn/h for the multitarget arrangement at a distance of 100 
mm and 16 /xm/h for the composite-type target at 300 W and 
a distance of 50 mm. 

Composition was determined by wavelength-dispersive 
x-ray microanalysis (WDX), and depth profiles were ob¬ 
tained using Auger electron spectroscopy (AES). The micro¬ 
structures were investigated by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM). In-plane magneto¬ 
striction was measured by the common cantilevered substrate 


technique, polarization by a vibrating sample magnetometer 
(VSM), and Curie temperature by a superconducting quan¬ 
tum interference device (SQUID) magnetometer. The film 
stress was calculated by measuring the difference of the cur¬ 
vature of the uncoated and coated Si substrate using a long- 
scan profiler. 

III. RESULTS 
A. Materials 

The magnetron sputtering deposition of the rare- 
earth-Fe films onto unheated Si0 2 , Si, or metal substrate 
resulted in amorphous, dense films with thicknesses ranging 
between 1 and 15 /xm. A dependence of the magnetostriction 
upon film thickness was not observed within this range. The 
time-dependent oxidation was investigated at room tempera¬ 
ture for TbFe and TbDyFe films. Although both these films 
have the same total rare-earth content, they exhibited slightly 
different oxidation dependencies (Fig. 1). AES depth profiles 
indicated that the rare-earth oxide formed at the film surface, 
which would tend to slow further oxidation within the 
sample, is more stable in the case of the TbFe compared to 



FIG. 1 Time dependence of the oxidation zone 'Itickness obtained by AES 
depth profiling. 
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FIG. 2. Magnetostriction measured at an external field UgH =0.6 T applied 
parallel to the film plane vs the rare-earth content of amorphous Tb^Fe^j 
and Sm^Fe, films. 


the TbDyFe film. Small-angle XRD revealed a crystalline 
nature for the oxidized region. This is in contrast to results 
reported previously. 7 

As was the case with the Tb x Fe, _ x films, 1 the maximum 
of the magnetostriction of the Sm x Fei_ x films was found to 
be at a rare-earth content of about 40 at. % (Fig. 2). Com¬ 
pared to the TbFe films, however, the rare-earth anisotropy is 
significantly lower. This results in a higher low-field magne¬ 
tostriction. The influence of the sputtering parameters has 
been investigated with the composite-type target 
[(Tb 03 Dy 07 ) 0 42 Fe 0 5 g ] in more detail. Dramatic changes in 
the magnetostriction were observed in the low-field region 
(up to 0.15 T) which is of special interest for applications in 
microsystem technology. At 0.5 T all these films show a 
comparable magnetostriction of about 400 ppm. Best results 
were obtained for dc as opposed to rf magnetron sputtering, 
an Ar sputtering pressure of 0.4 Pa [Fig. 3(a)], an rf bias of 
160 V [Fig. 3(b)], and a sputtering power of 300 W [Fig. 
3(c)]. The results illustrated the dominant influence of the 
bias voltage on low-field magnetostrictive properties, which 
was also observed for the multitarget sputtering of Sm 0 4 Fe 0 6 
films (Fig. 4) even if the low-field improvement is less pro¬ 
nounced compared to TbDyFe films. The variations of the 
sputtering parameters have almost no influence on the 
chemical composition and on the Curie temperature of about 
350 K. Although XRD and TEM investigations also give no 
evidence of a changed microstructure—due to temperature¬ 
annealing ongoing deposition as a result of the altered sputter 
conditions—the Ar-ion bombardment related with the ap¬ 
plied bias voltage changes the magnetic anisotropy. This re¬ 
sults in an in-plane magnetic easy axis for the optimized 
TbDyFe films (Fig. 5) whereas TbDyFe films sputtered with¬ 
out bias show perpendicular anisotropy. 1 In comparison to 
dc-sputtered TbDyFe films 3 the thermal induced stress is 
comparably low (100 GPa) and further reduced to about 40 
GPa as a result of the applied bias voltage of 160 V. In this 
case the magnetoelastic energy due to the film stress is lower 
than the form anisotropy energy leading to an in-plane easy 
magnetization. 


B. Applications 

Sputtering deposition of magnetostrictive thin films in 
combination with microstructuring by etching or sputtering 
through masks provides a promising method for the integra- 



MoH^/T 



W>Hex,/T 



FIG. 3. Low-field magnetostriction of amorphous TbDyFe films vs the mag¬ 
netic field applied in the film plane as a function of (a) the Ar sputtering 
pressure (160 V rf bias, 200 W); (b) the rf bias (0.4 Pa Ar, 300 W); and (c) 
the dc sputtering power (0.4 Pa Ar, 160 V rf bias). 


J. Appl. Phys., Vol. 76, No. 10,15 November 1994 


Quandt, Gerlach, and Seemann 7001 










FIG. 4. Magnetostriction of SmFe films vs the magnetic field applied in the 
film plane. 


tion of actuator components in microsystems by batch pro¬ 
cesses. With this in mind, materials relevant to microengi¬ 
neering applications as Si and various metals suitable for the 
lithography, electroforming, and plastic molding (LIGA) 8 
process were chosen as substrates for prototype components. 
Using the optimized TbDyFe film of 10 fi m thickness a de¬ 
flection of a Si (100) cantilever (20 mmX5 mmX50 (im) of 
about 200 yum at a field of 0.05 T could be obtained (see Fig. 
6). This low-field deflection is considerably greater than that 



-0.5 0 0.5 


MA,, [T] 

FIG. 5. Polarization vs external field applied parallel (||) and perpendicular 
(1) to the film plane for an optimized TbDyFe film. 



FIG. 6. Deflection of a TbDyFe/Si (100) cantilever vs the magnetic field 
applied in the film plane. 

reported for 50-/izm-thick polyimide samples. 9 For micro¬ 
pump and microvalve applications membranes, in addition to 
cantilevers, are important components. Finite-element- 
method (FEM) calculations of a magnetostrictive coated 
metal membrane predict a maximum deflection of 75 yttm for 
a 12,5-mm-diam membrane with both 4 fim thickness of the 
membrane and the coating. Using the optimized films the 
required magnetostriction of 200 ppm already is obtainable 
in a field of 0.05 T. 

ACKNOWLEDGMENTS 

This research is supported by the European Commission 
w'thin the Brite EuRam II program. We would like to thank 
M. Bcrnemann for the T c measurements, M. Schnell (MPI) 
fur Metallforschung, Stuttgart) for the VSM and film stress 
measurements, and A. Skokan for the WDX analysis. 

‘E. Quandt, J. Appl. Phys. 75, 5653 (1994). 

2 F. Schatz, M. Hirschcr, G. Flik, and H. Kronmiillcr, Phys. Status Solidt A 
137, 197 (1993). 

3 G. Flik, M. Schnell, F. Schatz, and M. Hirscher, in Proceedings of Actua¬ 
tor 94, Bremen, Germany, p. 232. 

J J. Y. Kim, J. Appl. Phys. 74, 2701 (1993). 

5 H. Fujimori, J. Y. Kim, S. Suzuki, H. Monta, and N. Kataoka, J. Magn. 
Magn. Mater. 124, 115 (1993) 

6 A. E. Clark, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North- 
Holland, Amsterdam, 1980). Vol. 1, p. 531. 

7 R. B. van Dover, E. M. Gyorgy, R. P. Frankenthal, M. Hong, and D. J. 
Siconolfi, J. Appl. Phys. 59, 1291 (1986). 

8 E. W. Becker, W. Ehrfeld, P. Hagmann, A. Maner, and D. Munchmeyer, 
Microelcctron. Eng 4, 35 (1986). 

9 T. Honda, K. I. Arai, and M. Yamaguchi, in Proceedings of IEEE MEMS 
1994, Oiso, Japan, p. 51. 


7002 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Quandt, Gerlach, and Seemann 


i 







Magnetostriction in TbDyFe thin films 

P. J. Grundy, D. G. Lord, and P. i. Williams 

Joule Physics Laboratory and Science Research Institute, University of Salford, 

Greater Manchester M5 4WT, United Kingdom 

Magnetization and magnetostriction in amorphous binary TbFe and DyFe and amorphous and 
polycrystalline, ternary (Tb x .Dy 1 __ c ) J ,Fe 100 _ y thin films have been investigated. The measurements 
reflect the compositional dependence of the easy direction of magnetization in the films. In plane 
magnetostrictions of over 300X10 -6 were measured for some of the amorphous TbFe and TbDyFe 
films and values greater than 750X10 -6 were obtained in polycrystalline TbDyFe films near to the 
Terfenol composition. 


I. INTRODUCTION 

Rare-earth-transition-metal (RE-TM) alloy films depos¬ 
ited from the vapor are usually amorphous, and postdeposi¬ 
tion annealing or deposition onto a heated substrate is re¬ 
quired to effect crystallization. Films containing heavy rare 
earths (e.g., Tb, Dy) are ferrimagnetic and can exhibit per¬ 
pendicular anisotropy, magnetization compensation, and 
large coercivities. In common with others 1-3 we find that 
these interesting characteristics in the binary alloys are 
complemented by exceptional magnetostrictive properties at 
relatively low magnetic fields. We also find that very large 
magnetostrains are obtained in some ternary TbDyFe alloys 
in both the amorphous and crystalline forms. 

II. EXPERIMENT 

The films were deposited from a triode source in a cry- 
opumped sputter-deposition system. The target consisted of a 
150X50X6 mm 3 rectangular Fe plate containing 33 10-mm- 
diam holes. With the holes occupied by Tb, Dy, or Fe inserts 
this arrangement allowed for the deposition of a continuous 
range of RE/rM 10(1 _ x alloys with 5<*<50%. The deposi¬ 
tion rate was typically 50 nm min -1 and the thickness of the 
resulting films was ~1 /^m. Crystalline films were obtained 
by deposition onto heated glass substrates. The magnetic 
properties of the films were obtained by vibrating sample 
magnetometry (VSM) (up to 1000 kAm -1 ) and their mag¬ 
netostrictions were measured on an optical cantilever system 
with a sensitivity of 10 -7 in fields up to 350 kA m -1 (Ref. 
4). Young’s modulus values for the films (in zero field) were 
calculated from load/indentation curves obtained on a sensi¬ 
tive microhardness instrument. 

III. RESULTS AND DISCUSSION 

The compositions of the films were obtained from Ruth¬ 
erford backscattering and x-ray microanalysis measurements. 
They were found to be near to the designed composition and 
to be uniform to better than 1 at. % over the area of the film 
(20X5 mm 2 ); however, a small composition gradient was 
measured through the thickness of the films, typically 2 
at. % yum -1 . This gradient was probably caused by a gradual 
decrease in the sputtering yield from the RE inserts with 
time. 

Amorphous alloy films in the two binary series 
TbjFeioo-* and D y.(Fe 100 _* and the ternary 


(Tb^Dyj _ ;c ) 33 Fe 67 and (Tb_ t Dy 1 _^) 43 Fe 57 series were depos¬ 
ited. The ternary RE 33 Fe 67 series was chosen because the 
equivalent bulk polycrystalline compositions are known to 
show interesting magnetic behavior. The ternary RE 43 Fe S7 
films were also deposited because of the large magnetostric¬ 
tions found in the amorphous phase. 5 It was observed that an 
excess of RE was necessary for the formation of crystalline 
REFe 2 ; i.e., Tb 027 Dy 073 Fe 2 , when deposited onto a heated 
(350 °C) substrate. 

Figure 1 gives the compositional dependence of magne¬ 
tization for amorphous TbjFejoo-* films. The results agree 
reasonably well with published data. 6-8 The different sym¬ 
bols indicate the effective easy direction in the films which 
varied with composition. In the range 15<x<40 the strong 
perpendicular anisotropy and low magnetization ensured an 
easy direction of magnetization normal to the film plane. As 
expected, the coercivity peaks at the room-temperature com¬ 
pensation composition (RTCC). The compositional depen¬ 
dence of magnetization and coercivity in Dy^Fe, follows 
the same pattern with generally smaller values of these two 
parameters. 5 

The magnetizations of the amorphous ternary 
(Tb,Dy 1 _,) 33 Fe 57 and (Tb,Dy 1 _J 43 Fe 57 (i.e., -REFe 2 and 
RE 3 Fe 4 ) alloys are shown in Fig. 2 as a function of compo¬ 
sition x. The easy direction of magnetization of the amor¬ 
phous RE 33 Fe 67 films was normal to the film plane; its value 
increases as the proportion of Tb increases. The RE 43 Fe 57 
alloys are at compositions well away from the RTCC and 
were almost magnetically equiaxed; their magnetization also 
varied linearly with * but with a greater rate of increase. Also 
shown is the compositional dependence of M s for polycrys¬ 
talline films which contained randomly oriented Laves 
REFe 2 crystallites, and small grains of Fe, excess RE, and 
RE oxides at concentrations of a few percent. 4 In the case of 
the crystalline film there is a departure from linearity with an 
apparent maximum in the magnetization for 25<*<35. This 
is associated with the anisotropy minimum at *=0.27 (Ref. 
9) near the composition of bulk Terfenol 

The magnetostrictions of the films were calculated from 
the bending of the film+substrate cantilever using bending- 
beam theory. 4,10 Measurements of the magnetostrains X from 
fields applied along X| and at right angles to the cantilever 
length can be related, with particular assumptions, 4 to the 
saturation magnetostriction X s as \ J =2(\||-\„)/3. Figure 3 
shows \j| for the amorphous Tb^Fe 10 o- f binary alloys. Val¬ 
ues in the range 15<*<35 are limited by the difficulty of 
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FIG. 1. The magnetization (open symbols) and coercivity (solid symbols) of 
amorphous Tb,Fe, 00 -* Alms as a function of x measured with the field 
applied normal to, in the film plane, and in either direction. 



TERBIUM CONCENTRATION X 


magnetizing the films to saturation in the modest fields used 
(=350 kA m -1 ). For x>35, \\\ increases to a maximum and 
then decreases towards the composition (x—50) with a Curie 
point below room temperature. We include data from several 
other investigations. 1,2,11 The general trend of the results is 
the same; the scatter arises from many factors, such as dif¬ 
ferent deposition techniques, film thickness, and methods of 
characterization. Magnetostriction values for the Dy^Fe^o-* 
films are much smaller and peak at a value of 60X10 6 at 
x-30. They agree reasonably well with published data. 3 

Magnetostrains in the amorphous ternary RE 33 Fe 67 al¬ 
loys were found to be small and of the order of 20-40X10 
with no obvious compositional trend. This was possibly ac¬ 
counted for by the inability of the maximum applied field to 



FRACTIONAL COMPOSITION X 


FIG. 3. In-plane magnetostriction values for amorphous Tb^Fe^o-, films 
(at 350 IcAm' 1 ). Open symbols this investigation, (A) and (■) Ref. 1 at 
320 and 1280 kA m' 1 , (•) Ref. 10, and (♦) Ref. 2. 
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saturate in plane these films with perpendicular anisotropy. 
The potential of the amorphous alloy equivalent in composi¬ 
tion to crystalline Terfenol could, therefore, not be tested. 
The RE 43 Fe 57 alloys could be magnetized in plane although 
not to saturation. Values of Xg show an increase from the Dy 
binary to the Tb binary composition with the maximum 
value of —350X10 -6 obtained for Tb 43 Fe 57 (x=l) being 
very close to the peak value shown in Fig. 3. 

Parallel and normal magnetostrictions, Xj and X„, for 
polycrystalline films containing (Tb^Dy! _JFe 2 phases are 
shown in Fig. 4(a). The fact that X||^-2\„ implies a stress- 
induced alignment of domains along the cantilever length on 
deposition. This departure from a random alignment of • j- 
mains results in a relatively large X„ because domains are 
rotated through a larger angle in the transverse field. The 
general features of both curves, in particular the rise to a 
maximum or negative minimum at x— 0.3 and the plateaux to 
x=l, are reflected in Fig. 4(b) which gives the planar mag¬ 
netostriction |X||-X„|. The planar magnetostriction is, in prin¬ 
ciple, equal to 3\ 1 /2, but not here as the films were not satu¬ 
rated. The maximum and minimum occur in the region of 
anisotropy compensation, and the plateau, rather than a rise, 
in magnetostriction from x=0.3 onward is possibly due to a 
varying value of E f (Young’s modulus) for the nlm. E f is 
included in the formula for calculating X and a positive A Ef 
near x=0.3 would reduce our calculated value of X. The 
magnitude of A £ y (A E y a X 2 ) can be quite large and a value 


of —140% has been reported 9 for bulk Terfenol over the 
range of applied field used in this investigation. Notwith¬ 
standing these uncertainties, the results presented here show 
that the planar magnetostriction of polycrystalline TbDyFe 
thin-film alloys reaches considerable values in fairly small 
magnetizing fields, with a maximum of —1000X10 -6 for 
TbioDy23Fe 67 (=Tb 03 Dy 07 Fe2). 
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Application of the ratio df\ to the investigation of magnetization processes 
in giant-magnetostrictive materials 

A. R. Piercy, S. C. Busbridge, and D. Kendall a) 

Department of Mathematical Sciences, University of Brighton, Brighton, East Sussex BN2 4GJ, 

United Kingdom 

The change in magnetostriction AX with change in magnetization AM for domain-wall motion is 
shown to depend only on the wall type, the magnetostriction constants, and the saturation 
magnetization and not on the field required to effect the change. The quantity n=AX/AM (or the 
dynamic equivalent d/x) is therefore a valuable parameter for use in investigating magnetization 
processes. Theoretical values of II are given for different wall processes in (111) and (100) easy 
materials and used to interpret experimental measurements in different (Tb, Dy, Ho)Fe 2 materials. 

It is shown that II vs M curves are more sensitive to the detail of the magnetization process than X 
vs M curves. In (111) easy compositions the processes are found to be complex with the 
combination of wall motion processes changing continuously with increasing magnetization and no 
region where a single process dominates. In contrast, for (100) easy materials, there is an extended 
region in which 90° wall processes dominate. In both cases, quasistatic and dynamic processes are 
shown to be equivalent, independent of temperature, and independent of the frequency and 
magnitude of the drive field. 


I. INTRODUCTION 

The magnetic properties of giant-magnetostrictive rare- 
earth-iron alloys have been extensively investigated for ap¬ 
plications as transducer materials. The early work was sum¬ 
marized by Clark 1 and subsequent developments have been 
reviewed by Jiles. 2 However, relatively little is known about 
the magnetization processes in these materials and Jiles 2 con¬ 
cludes that study of the processes is a requirement for their 
further development. This article aims to show that the ratio 
AX/A M, of the change in magnetostriction X to change in 
magnetization M, is a valuable parameter for use in investi¬ 
gating magnetization processes. 

It is widely accepted that the task of identifying magne¬ 
tization processes from curves of M (or X) against applied 
field H is intractable because of extrinsic effects which limit 
rotation and domain-wall motion. These effects are generally 
not only unknown but also vary from point to point in a real 
polycrystalline material and consequently the field required 
to effect a change in M or X is both unknown and nonuni¬ 
form. Such extrinsic effects do, however, exert a similar in¬ 
fluence on both magnetization and magnetostriction and 
curves of X vs M have sometimes been used in attempts to 
infer magnetization processes. We show that the application 
of such curves is limited because they are relatively insensi¬ 
tive to different model processes and, in addition, their mea¬ 
surement is limited to quasistatic or very low-frequency 
variations. Conversely, AX/AM is more sensitive and its 
practical determination is not limited to low frequencies. We 
have previously reported 3,4 use of AX/AM for the investiga¬ 
tion of magnetization processes in giant-magnetostrictive 
materials and this article aims to provide more detail and to 
expand its application to a range of conditions and composi¬ 
tions. 


'•Present address: DRA, Holton Heath, Poole, BH16 6JU, UK 


II. THEORETICAL VALUES FOR AX/A M 

We limit consideration to domain-wall motion processes 
involving walls separating domains having their magnetiza¬ 
tions in directions 1 and 2 specified by the direction cosines 
/, ,mj,«! and l 2 ,ni 2 ,n 2 , respectively, with the magnetostric¬ 
tion being measured in the direction 0 specified by 
/ 0 ,m 0 ,n 0 . The usual situation with the rare-eann-iron alloys 
is that the measurement direction is the axis of a rod-shaped 
specimen of material with preferred orientation such that 
(112) is parallel to this axis. We are concerned with the ratio 
AX/AM for which we use the symbol II, and note that under 
conditions of alternating excitation AX/AM is equivalent to 
d/\, the ratio of the magnetomechanical d coefficient 
(d 3i = d\/dH) to the susceptibility (x=dM/dH). 

When a domain wall moves through a small fraction F v 
of the sample in response *o a small change in field A H, the 
direction of the magnetization in the volume swept out 
changes from 1 to 2 so that the change in sample magneti¬ 
zation is 

AM = F t ,M s (cos d 2 -cos 0 { ), 

where 6 X is the angle between directions 1 and 0 so that 
cos 6 i =(l l l 0 +m ] m 0 +n l n 0 ) and similarly for 0 2 . The cor- 
r esponding change in magnetostriction is 

AX = F t ,(X 2 ,o - ^i,o)> 

where X I>0 is the saturation magnetostriction measured in di¬ 
rection 0 when the magnetization lies in direction 1 and is 
given by 

o = (3X[ U o/2)(/y/o+wiiffio'^ ,I i n o — s) 

+ 3X! ,,(/!/«,/omo + m^Jimono+ni/ino/o). 

II is then given by 

AX/AM=(X 2 ,o-X 1>0 )/Mj(cos 6 2 - c os 0j), 
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TABLE I. Theoretical values of fl for (111) easy material with measure¬ 


ments made in <112). 


Wall type 

^2~*0| 

Equiv. No. 

Example 

n/( x.h/m,) 

180° 

118.1°—*61.9° 

2 

[iiiHiii] 

0 


160.5°—19.5° 

1 

[liiMin] 

0 

71° 

118.1°-*61.9° 

2 

[iiiHiii] 

0 


90°-*61.9° 

2 

[iiiHiii] 

0.707 


90°—*19.5° 

1 

[uiHiii] 

1.414 


61.9°-*19.5° 

2 

[iiiHin] 

2.123 

109° 

90°—61.9° 

2 

[iiiHiii] 

0.707 


118.1°—*19.5° 

2 

[liiHiii] 

0.707 


90°—*19.5° 

1 

[liiHiii] 

1.414 


1.51 


_i_i_I_ > _L_ 


O 


• Dynamic 
o Static 


05 - 


C <M 


• o 

-|- I -p-T-1- 1 -1-'-1- 1 - r ~ 

0 2 0.4 0 6 

M/M 


“T—'— r~ 
08 


FIG. 1. Variation of Il s , and Il dyn with magnetization for Tb 02 oHo 080 Fe 2 . 
The solid line corresponds to the model in Fig. 2. 


which is independent of both F v and A H (and therefore of 
all extrinsic effects) and depends only on the saturation mag¬ 
netization, the magnetostriction constants, and the wall type 
(determined by the directions 1 and 2). The resulting values 
of n, normalized to (\ m IM s ), are given for different wall 
types for (111) easy materials in Table I and for (100) easy 
materials, with II normalized to (\ 1(K) IM S ), in Table II. In 
both cases it is assumed that the materials have (112) orien¬ 
tation and only those wall movements that give rise to posi¬ 
tive values are included (equivalent negative values also 
occur). 

III. COMPARISON WITH EXPERIMENT 

Tables I and II show that only a very few definite values 
of n can be measured if domain walls of only one type 
move. In general it is to be expected that wall motion of 
several different types will occur and in that case values of n 
intermediate between those of Table I (or II) are expected. In 
comparing these theoretical values of II with measured val¬ 
ues, we refer to n dyn (for d/\) for values determined under 
dynamic (alternating) conditions and to II st (for AX/A M) for 
those determined under quasistatic conditions. 

Quasistatic measurements of (differential) permeability 
and d coefficient yield values considerably greater than those 
obtained under alternating excitation and it is not clear, a 
priori, whether these arise from the same, or different, mag¬ 
netization processes. Figure 1 gives II S1 and Il dyn as a func¬ 
tion of M for Tb 02 oHo 080 Fe 2 , which is (111) easy at 20 °C, 
and clearly shows that the static and dynamic processes are 
equivalent. It is equally clear that there is no sustained region 
where walls of only one type move (i.e., where II is constant 


TABLE II. Theoretical values of 11 for <100) easy material with measure¬ 
ments made in <112). 


Wall type 


Equiv No. 

Example 

n/(WM s ) 

180° 

114.1°—65.9° 

2 

[ioo]-[ioo] 

0 


144.7°~*35.3° 

1 

[00i]-(001] 

0 

90° 

114.1°-* 65.9° 

2 

[oio]-[ioo] 

0 


114.1°->35.3° 

2 

[ioo]-[ooi] 

0.612 


65.9°—35.3° 

2 

[100]-[001] 

1.837 


at one of the values in Table I) and moreover that the com¬ 
bination of wall processes changes continuously, giving a 
steadily increasing value of II. 

The corresponding X vs M curve for this sample is 
shown in Fig. 2 to illustrate the greater sensitivity of the II vs 
M curve. The solid line in Fig. 2 represents a possible theo¬ 
retical model process in which it is assumed that, initially, all 
domain directions are equally populated and magnetization 
proceeds first by 180° domain-wall motion for 
M<0.236M S , followed by 109° wall motion up to 
0.707M S . This model appears to provide an approximate fit 
to the experimental points in Fig. 2 for M<0.707M S (above 
this it is necessary to invoke rotation to obtaic a fit); how¬ 
ever, the variation in II for this model is that shown by the 
solid line in Fig. 1 from which it is clear that the model gives 
a completely inadequate description. 

Figure 3 compares II S , and II dyn for Tb 0 . 2 7 Dy 0 73 Fe 2 at 20 
and 70 °C and shows that the static and dynamic processes 
are similar and are essentially independent of temperature. It 
is found that the variation of II with M is qualitatively simi¬ 
lar for different (Tb, Dy, Ho)Fe 2 compositions, with zero 
stress bias, in the (111) easy regime, as shown by Figs. 1 and 
3. In contrast, for (100) easy compositions the variation of O 
with M is very different, as illustrated for HoFe 2 in Fig. 4, 
although the static and dynamic processes are again equiva¬ 
lent. The broken line in Fig. 4 gives the value 



M/M s 

FIG. 2 Vaiiation of magnetostriction \ with magnetization M for 
Tb 02U Ho 0S0 Fe 2 The solid line represents a possible model process 
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M/M s 

FIG. 3. Comparison of II S1 and n dyn at different temperatures for 
Tbo27Dyo73F e 2- 

n=0.612\ 10O /Af s (where \ 100 has been taken as —\ m /3) 
appropriate to one type of 90° wall motion and indicates that 
there is, in this case, an extended region where one domain 
process dominates. For magnetizations above 0.68 M s it is 
necessary to include rotation processes, as confirmed by do¬ 
main studies, 5 to explain the observed values of II. 

The technique is also useful for investigating the drive 
field dependence of the magnetization processes and Fig. 5 
shows that n dyn and, therefore, the magnetization processes 
are independent of both drive field frequency and magnitude. 



M/M $ 

FIG. 4. Variation of and Il dyn with magnetization for <100) easy HoFe 2 . 
The broken line gives the value of fl for one type of 90° wall motion. 



Dnve Held frequency f/Hz 


FIG. 5. Variation of II M and IT dyn with drive field frequency and magnitude 
for Tb 02 7 Dy 0 73 Fe 2 . 

This frequency independence of Il dyn is found to continue to 
well above the critical frequency at which eddy-current ef¬ 
fects become significant even though, at these higher fre¬ 
quencies, the d coefficient and permeability are diminished. 4 

IV. CONCLUSIONS 

It has been demonstrated that the ratio d/y is a valuable 
parameter for use in investigating magnetization processes. 
Comparison of theoretical and measured values of d/\ for 
(111) and (100) easy giant-magnetostrictive materials has 
shown that the magnetization processes are generally com¬ 
plex, involving more than one domain-wall process, that 
quasistatic and dynamic processes are equivalent, indepen¬ 
dent of temperature and of drive field frequency and magni¬ 
tude. 
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Magnetization, Young’s moduli, and magnetostriction of rare-earth-iron 
eutectic alloys with R=Tb 0 6 Dy 0 4 

A. E. Clark, M. Wun-Fogle, J. P. Teter, J. B. Restorff, and S. F. Cheng 

’’ al Surface Warfare Cotter, Code R34, Silver Spring, Maryland 20903-5640 

Rare-earth-iron alloys, Ro. 9 Fe 0 i, Ro. 72 Fe o. 28 > and R o 42 Fe o .58 (R=Tb 06 Dyo, 4 ), containing the R/RFe 2 
eutectic composition were prepared by Bridgman and free-standing zone-melting techniques. 
Magnetization measurements were made in fields up to 800 kA/m between 55 and 300 K. A huge 
increase in magnetization below 210 K occurs as the R component becomes ordered. At low applied 
magnetic fields there is clear identification of both the ferromagnetic ordering temperature T c and 
the Neel spiral ordering temperature T N of R. (For Tb 06 Dy 04 , J c =165 K, 7^=210 K.) 
Magnetization and magnetostriction measurements reveal very large magnetocrystalline 
anisotropies for both the R and the RFe 2 components. Unexpectedly, at 77 K, were the rare-earth 
co.iiponent of the eutectic system is ordered and the magnetostriction is large (X hy >0.6%), the 
magnetostriction is largest in the samples containing the largest amount of the RFe 2 phase. Young’s 
modulus measurements reveal the reduction in the stiffness with the addition of the softer rare earth 
to the stiff RFe 2 compound. 


The rare earths Tb and Dy are the elemental components 
of many giant magnetostrictive materials. In the hexagonal 
binary alloys, Tbj.Dy^^Cl^x^l), basal plane magnetostric¬ 
tions X y ’ 2 reach ~l% at 0 K and 0.6 % at 77 K. 1 Although 
the individual basal plane anisotropies K of Tb and Dy are 
very large (/f>0 for Tb; K <0 for Dy), K can be minimized 
and the k y,2 /K ratio maximized in the binary Tb x Dy t _^ 
alloy. 2 At 77 K anisotropy compensation occurs for *s0.6, 
the value of x selected for this study. A second important 
class of materials is the cubic Tb^Dy, _ Jt Fe 2 (Terfenol) com¬ 
pounds. For this compound X U1 is very large over a wide 
temperature range. 3 In the Tb-Fe and Dy-Fe alloy systems, a 
eutectic composition consisting of a rare-earth phase and a 
rare-earth-Fe 2 phase occurs near 28 at. % Fe. 4 In this article 
we report magnetic, elastic, and magnetorestrictive proper¬ 
ties of the eutectic-containing alloys. 

For this study, samples of R, R 09 Fe 01 , R 072 Fe 0 28 - 
Ro 4 2 Fe 0 . 58 , and RFe 2 (R=Tb 06 Dy 04 ) were prepared into rod 
shapes by both Bridgman and free-standing zone-melting 
(FSZ) techniques. 5 Magnetization measurements were made 
on disk samples but normal to the growth direction in fields 
up to 800 kA/m using a commercial vibrating sample mag¬ 
netometer. Young’s moduli were measured by two methods. 
In the first method, static stress-strain curves were taken on 
rod samples (~3 cm X 0.3 cm diam.) at room temperature in 
the absence of a magnetic field. The strain was measured by 
multiple strain gauges affixed to the sample and the stress 
was measured using a conventional load cell. In order to 
determine the extent of the magnetomechanical hysteresis, 
measurements were taken by applying both increasing and 
decreasing stresses. For the R 0 , 42 Fc 0 .58 alloy and for the RFe 2 
compound, Young’s moduli were als) measured as a function 
of magnetic field up to 160 kA/m at fixed compressive 
stresses of ~15 MPa at room temperature and 77 K using 
standard strain-gauge techniques. These moduli were mea¬ 
sured under the two limiting magnetic conditions of (1) fixed 
magnetic field and (2) fixeu magnetic induction. Magneto¬ 
striction measurements were made in fields up to 160 kA/m 
at room temperature and 77 K using strain-gauge and LVDT 


techniques. Magnetization measurements were made concur¬ 
rently by integrating die voltage of a pickup coil wound 
around the san 'es. 

In all samples, the magnetization process consists of two 
regions: (1) a region of nonmagnetostrictive 180° wall mo¬ 
tion, resulting in a rapid rise in magnetization at low fields; 
and (2) a magnetostrictive noncollinear wall motion and 
magnetization rotation region resulting in a smaller magne¬ 
tization change and approach to saturation. The magnetiza¬ 
tion curves of Fig. 1 reflect this process. At room tempera¬ 
ture, only the RFe 2 component of the alloy is magnetic. 
Thus, as the weakly paramagnetic Tb 0() Dy 04 alloy is added 
to RFe 2 to form the eutectic samples, the magnetization de¬ 
creases. The coercive force is largest for the R„ ,;72Fc 0 28 
sample. At 77 K the rare-earth component R has the larger 
magnetic moment. Therefore, as expected, as R is added to 
RFe 2 the magnetization increases. Again a maximum in the 



FIG 1. Magnetic moment in emu/g as a function of applied field at 77 K 
(upper set of curves) and 294 K (lower set of curves) for Bridgman-prepared 
samples: (1) Tb 06 Dy 04 and (2) <Tb 0t ,Dy 0 4 );, 9 Fe 0 , and free-standing zone- 
melt samples (3) (Tb 06 Dyo 4)0 72^0 m- W ( Tb (K. D yo4)o«Feo58. and (5) 

(Tt>0 ftDyo 4)0 33^0 67- 
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FIG 2 Magnetic moment in emu/g as a function of temperature at applied 
fields of 800 and 80 kA/m (see inset) for Bridgman-prepared samples: (1) 
Tb 0 6 Dy 0 4 and (2) (Tb 06 Dy 04 ) 0 ,,Fc 0 , and free-standing zone-melt samples: 

(3) (Tb 06 Dy 04 )o , 2 Fe 0 28 . (4) (TbosDyo^oaz^ossi an d (5) 

(Tbo 6 D yo 4)0 33^0 67- 

coercive force is observed for the eutectic composition 
R o.72F e o 28- 

Because of the very large uniaxial anisotropy in the hex¬ 
agonal rare earths Tb and Dy, the polycrystalline R and al¬ 
loys containing R are difficult to saturate at low tempera¬ 
tures. The magnetization versus temperature curves for these 
alloys are shown in Fig. 2. The full magnetic moment of the 
R component is not reached at 800 kA/m. As expected, a 
large increase in magnetization below 200 K occurs as the R 
component becomes ordered. The change in the slope of the 
curves, even of the Ro 42 ^ 0.58 sample, which contains only 
14% R, is clearly detected. A striking feature of the magne¬ 
tization versus temperature curve is the appearance of a peak 
in the magnetization of Ts210 K for small applied fields. It 
is well known that a basal plane spiral magnetization struc¬ 
ture exists in the Tb^Dy, alloy system. 6 We observe that 
the coexistence of the RFe 2 component in the eutectic does 
not significantly alter T N . Thus, the spiral structure of 
Tbo 6 Dy 0 4 remains essentially unchanged in the eutectic 
structure, and we conclude that the contributions to the mag¬ 
netization from the individual R and RFe 2 phases within the 
eutectic are simply additive. 

For most applications utilizing magnetostrictive materi¬ 
als, it is important to know the mechanical stiffness. We re¬ 
port measurements of Young’s moduli at room temperature 
and at 77 K. In Fig. 3 we illustrate the stress-strain relation¬ 
ships at room temperature for the Bridgman-prepared 
samples in the absence of an applied magnetic field. The 
addition of the R component to the RFe 2 compound consists 
of two major features: ( 1 ) a reduction of the stiffness with 
the addition of the softer rare-earth binary alloy; and ( 2 ) a 
large magnetically induced hysteresis in the RFe 2 and the 
eutectic containing alloy richest in RFe 2 . In these two cases, 
the moduli strongly depend upon the magnetic history of the 
sample. For RFe 2 and R<) 4 2 Fe 05b , Young’s moduli measure¬ 
ments were taken with the samples premagrietized parallel to 
the rod axis to achieve the maximum magnetic moment ro¬ 
tation in an applied magnetic field. As the compressive stress 



FIG. 3. Room-temperature stress-strain relationships in the absence of an 
applied magnetic field for Bridgman-prepared samples: (♦) 
Cn>06Dy 04 )o,Feo,; (A) (Tb 06 Dy 04 ) 07 2Fe 0 28; (®) (Tbo6^yo4)o42F e 0 58i and 
(■) (Tb 06 Dy 04 ) 0J jFe 0 67 (Note that the zero position of three of the data 
sets has been shifted for display purposes only) 

is applied to these samples, the magnetization in the domains 
rotates from parallel to perpendicular to the rod axis, yield¬ 
ing a softening of the sample and the well-known A£ effect. 
As the magnetic moments become nearly perpendicular to 
the rod axis (<r>60 MPa), both samples become significantly 
harder. The fraction of RFe 2 is small in the samples richer in 
R and the hysteresis becomes negligible. The pure eutectic 
R 0 7 2 Fe 0 % alloy and those richer in R are also more ductile 
and deform under stresses greater than ~100 MPa. Young’s 
moduli, calculated from the high-stress slopes of Fig. 3, are 
110,83, 77, and 72 GPa for RFe 2 , R O 4 2 F e 0 58 > R o 72 ^ 028 - and 
RoqFe 0 ,, respectively. 

The effect of magnetic field on the moduli is shown in 
Fig. 4 for RFe 2 and R 0 42 Fe 0 58 at room temperature and 77 K 
(ors=15 MPa). When an axial magnetic field is applied to a 
positive magnetostriction material under a preexisting com¬ 
pressive stress, the magnetic moments again rotate, but now 
from perpendicular to parallel to the rod axis. As this rotation 
process takes place in the applied magnetic field, the elastic 
moduli at first decreases and then increases as the rotation 
process becomes complete. For the RFe 2 compound, the 



Applied Field (kA/m) 


FIG. 4. Modulus under constant-field conditions Y H and under constant 
induction Y B vs applied field for Bridgman-prepared samples- (A) 
(T 3 0 jDy 0 4)0 33 FC 0 67 a ' 15.8 MPa and (B) (Tb 06 Dy 0 4 ) 0 42 Fe 0 58 at 15.4 MPa 
[(□) Y b at 77 K, (■) Y" at 77 K, (O) Y s at 298 K, and (•) Y H at 298 K] 
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Applied Field (Oe) 



FIG. 5. Field dependencies of the magnetization and magnetostrictions for Bridgman-prepared samples: (A) (Tb 05 Dy 04 ) 0 42 Fe 058 ; (B) (Tb 06 Dy 04 ) 072 Fc 028 , 
and (C) (Tb 06 Dy 04 ) 09 Fe 01 at two compressive stresses. 


easiest rotation takes place near 85 kA/m at 77 K (55 kA/m 
for room temperature). For the sample containing the small¬ 
est amount of eutectic, Ro 42 Fe 058 , the easiest rotation pro¬ 
cess occurs at a field higher than 160 kA/m. To evaluate the 
effect of 180° domain-wall motion in creating the nonmag- 
netostrictive magnetization process, measurements were 
taken under both constant magnetic field H and constant 
magnetic induction B. In these samples, both Y B and Y H 
decrease with applied field. Thus, even when the total induc¬ 
tion is kept fixed, the domains redistribute themselves in 
such a way that yields some magnetization rotation and mag¬ 
netostriction. Thus, the accepted conventional relationship 
between the coupling factor and Young’s moduli, 
k 2 =l-Y H /Y B , is not valid here. 

At room temperature the magnetization and magneto¬ 
striction decrease rapidly with the addition of R to the RFe 2 
compound. In this section we report the magnetization and 
magnetostriction at 77 K in magnetic fields up to 160 kA/m. 
Figure 5 illustrates the field dependencies for the Ro^Feo.sgi 
R(i 28 F e o. 72 » and R 0y Fe 01 alloys at compressive stresses a of 
~6 and —17 MPa for the Bridgman-prepared samples. Simi¬ 
lar results are observed for the FSZ samples, but not reported 
here. The expected a dependencies of the magnetization and 
magnetostriction, characteristic of both R and the RFe 2 r om- 
pound, are not seen. Here, little or no stress dependence was 
observed. Also striking is the large reduction in the magne¬ 
tostriction with the addition of a small amount of the R com¬ 
ponent to the RFe 2 compound. In the RFe 2 compound (not 
shown), the magnetostriction reaches 2200 X 10“ 6 at 160 
kA/m. As observed in Fig. 5(a), the magnetostriction of 
Ro 4 2 Fe 058 is only -800X10" 6 . With samples richer in R, the 
magnetostriction decreases still further, even though the 
magnetostriction of the R is much higher than that of RFe 2 . 
These unexpectedly low magnetostriction values are shown 
in Figs. 5(b) and 5(c) along with their corresponding magne¬ 
tizations. Note the hysteresis is largest for the pure eutectic, 


R 0 . 7 2 Feo. 2 8 - The conclusion reached is that the high c-axis 
texture of the rod samples, with the large uniaxial anisotropy, 
inhibits the large magnetization rotations required for giant 
magnetostrictions. In the R-rich samples, the magnetostric¬ 
tions reach only —400X10 -6 , compared with the huge 
—6000X10 -6 previously reported for the basal plane ori¬ 
ented Tb 06 Dy 04 single crystals. 1 

The Neel and Curie temperatures of R (=Tb 06 Dy 04 ) 
were clearly observed in all of the eutectic-containing alloys. 
Thus, the presence of RFe 2 component in the eutectic does 
not noticeably affect the magnetic properties of the R com¬ 
ponent, even its magnetic structure. On the other hand, the 
giant magnetostriction of the R component of the eutectic 
was not realized. Because of the highly textured nature of the 
Bridgman and FSZ samples and a strong R uniaxial anisot¬ 
ropy, the magnetostriction (for //<160 kA/m) is found to 
decrease as the portion of the highly magnetostrictive R 
component of the alloy is increased. Finally, Young’s modu¬ 
lus decreases as the R/RFe 2 ratio in R*Fe,_, (O.SS^x^l) 
increases. The modulus in the Ro. 4 2 R e o 58 ahoy> s highly hys- 
teretic and does not exhibit the large A E effect of the single¬ 
phase RFe 2 compound. 

Research on magnetostrictive intermetallic alloys at the 
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Theory of magnetostriction with application to Terfenol-D 

R. D. James 

Department of Aerospace Engineering and Mechanics, University of Minnesota, Minneapolis, 

Minnesota 55455 

D. Kinderiehrer 

Center for Nonlinear Analysis and Department of Mathematics, Carnegie Mellon University, Pittsburgh, 
Pennsylvania 15213 

A mechanism for magnetostriction in the highly magnetostrictive material Terfenol-D is explained 
in detail. This mechanism is based on a theory of magnetostriction [R. D. James and D. 
Kinderiehrer, Philos. Mag. B 68, 237 (1993)] that is particularly suited to predictions of the 
macroscopic behavior of materials that exhibit large magnetostriction. Some experiments that test 
these predictions are proposed. 


I. INTRODUCTION 

A theory of magnetostriction that is adapted to the de¬ 
scription of large magnetostriction is given by the authors in 
Ref. 1. The theory is a micromagnetic in nature and follows 
the pattern established by Brown. 2 The focus is on an exact 
specification of the potential wells of the anisotropy energy. 

For large specimens such as those encountered in usual 
actuator applications, the presence of complicated domain 
structures has hindered the usefulness of micromagnetic 
theories that seek to incorporate magnetostriction. In recent 
years new methods of calculating energy minimizers for this 
situation have emerged, partly as a result of advances in the 
analysis of the microstructure of martensite and partly as a 
result of related developments on the design of optimal com¬ 
posites. Using these ideas, the authors 1 found compatible en¬ 
ergy minimizing domain structures for the theory specialized 
to a growth-twinned specimen of Tb^Dy, ^Fe 2 , x^O.3 
(Terfenol-D), 

The patterns found in Ref. 1 consist of laminates which 
meet at the growth twin boundary; see, e.g., Fig. 1. Each 
layer of the laminate has a constant deformation gradient and 
a substructure of magnetic domains. The motivation for 
looking at laminates as energy minimizers arose from the 
observations of Lord et al? Analyzing all possible compat¬ 
ible energy-minimizing laminates that meet at the growth 
twin boundary, we found five distinct energy minimizing mi¬ 
crostructures, pictured in Fig. 1, one of which agreed with 
the photomicrograph of Lord et al. Subsequently, all of the 
other four patterns were observed (Lord 4 ), with good agree¬ 
ment of the geometry and even (in the cases available) of the 
magnetic substructure. 

Each of these structures is kinematically compatible and 
energy minimizing for all values of the volume fraction y. As 
y changes from 0 to 1 the sample experiences a macroscopic 
strain in the direction [-211], the typical axial direction of a 
Terfenol-D rod; however, the amount of strain differs for the 
different laminates. It might then be inferred that, after a few 
cycles, the rod would be likely to choose the domain struc¬ 
ture that yields the maximum magnetostrictive strain, be¬ 
cause there is certainly an energy barrier to changing the 
whole pattern. 

A more refined prediction suggests that something dif¬ 
ferent might occur. There are actually two kinds of laminated 
microstructures predicted by the theory. In the first kind, 
analogous to “semicoherent” interfaces in the literature on 


martensite, the laminates are separated by a transition layer, 
which of course contains some energy. The value of this 
energy is proportional to the twin spacing, so it can be re¬ 
duced as close to zero as desired by refining the twins. The 
second kind of laminate has no transition layer; it is “exactly 
compatible.” The property of being exactly compatible ver¬ 
sus approximately compatible is predicted by the theory; it is 
not just based on microscopic examination. With exchange 
energy present, it is clear that exactly compatible laminates 
are energetically preferred over those which have a transition 
layer. 

Exactly compatible laminates have another interesting 
feature: The volume fraction y can change with position 
along the growth twin boundary, giving them some addi¬ 
tional freedom to meet remote conditions. 

When we went back and checked the different laminates, 
we found that the laminate which achieves maximum mag¬ 
netostrictive strain is not exactly compatible. This suggests 
that there may possibly be a drastic change in the domain 
pattern, and as explained herein, this would be favored by 
compressive stress. These predictions are explained in more 
detail below. They suggest some interesting experiments, 
now in progress (Tickle 5 ). 

These considerations apply to a specimen with parallel 
growth twins, such as one that is obtained by float-zone pro¬ 
cessing. Bridgman-grown specimens contain a significant 
number of grain boundaries and sometimes several different 
growth twin systems, which surely would rule out simple 
laminated energy minimizers. 

II. THEORY OF TERFENOL-D 

We give a brief description of the theory specialized to 
Terfenol-D. The basic unknown functions of the theory are 
the deformation y(x) and magnetization m(y). These are 
minimizers or relative minimizers of the total free energy 

£(y,m)= f <p{Vy(x),m[y(x)]}dx+if !V«(z)| 2 dz. 

Jn 

( 1 ) 

Here fl is the reference configuration of the specimen, <p is 
the anisotropy energy, and the magnetostatic potential u is 
determined from m by solving the magnetostatic equation 

div(-V« + m) = 0 on R 3 . (2) 

In solving this equation it is understood that m=0 outside of 
y(H), the deformed configuration. The theory is geometri- 


7012 J. App! Phys. 76 (10), 15 November 1994 


0021-8979/94/76(10)/7012/3/S6.00 


© 1994 American Institute of Physics 





cally exact, to allow it to apply for arbitrarily large deforma¬ 
tions. In fact, the elasticity could be linearized, and then the 
theory would be similar to that of Clark , 6 but it is no more 
difficult to calculate the energy niinimizers for the geometri¬ 
cally exact theory. The energy (1) is appropriate to a single¬ 
crystal specimen. Supposing that ft is divided in two by a 
growth twin on the plane x-in,= 0 , so that with 

ft^ftfKx-n^X)) and ft 2 =ftn(x m 1 < 0 ), then the appro- 
pr ,v " expression for the energy is 

£ gl (y,m) = fn <p{Vy(x),m[y(x)]}<fx 

+ j < p{Vy(x)R 0 ,m[y(x)]}r/x 
Jn 2 

j>«l 2 dz ’ ® 

where Rq is a 180° rotation about m,. Here m t is propor¬ 
tional to (111) and expression (3) takes into account the ob¬ 
served crystallography of the type-I growth twins of 
Terfenol-D. When minimizing Eq. (3), compatibility at the 
growth twin boundary is automatically taken into account by 
the assumption that y(x) is continuous on ft. Finally, expres¬ 
sions (2) and (3) are appropriate for no applied field or loads. 

The key feature about the anisotropy energy <p is its 
potential-well structure. For Terfenol-D it is assumed to have 
minima on the set 

{RU 1 ,±Rm 1 }U{RU 2 > :!:Rm 2} 

{RU 3 ,±Rm 3 }U(RU 4 ,±Rm 4 }, (4) 

where m 2 =o{-lll]. m 3 =a[l-ll], 

m 4 =o[ll-l], U, = j 7 1 l+(%-? 7 i)m 1 ( 8 »m 1 , m I =m j /|m I |, 

i = l.4, and R is an arbitrary proper 3X3 rotation matrix. 

The scalar constant of proportionality a is MVl of the satu¬ 
ration magnetization, 1 is the saturation strain along 
[111], and ? 7 i — 1 is the saturation strain along [1-10]. The 
notation a®b denotes the matrix with components a,b ! and 1 
is the identity matrix. Thus, the linear transformation 
transforms a cube (aligned with the cubic axes in ft) by 
stretching its [ 111 ] diagonal with a strain 1 while con¬ 
tracting every direction perpendicular to [ 111 ] with a strain 
??! — 1. This can be seen by applying U, to unit vectors in the 
various directions. We shall say that the specimen is in vari¬ 
ant i at a point xeft, if [Vy(x), m(x)] has the form {QU,, 
±Qm,} for some rotation matrix Q. A different notation is 
appropriate for the region ft 2 ; that is, because of the pres¬ 
ence of Ry in Eq. (3), the potential wells are modified there. 
Hence, we say that the specimen is in variant /' at a point 
xeft, if [Vy(x), m(x)] has the form {QRyUjRy, ±QRom,} 
for some rotation matrix Q. 

III. ENERGY-MINIMIZING COMPATIBLE DOMAIN 
STRUCTURES 

The energy minimizers computed in Ref. 1 consist of 
laminates above and below the growth twin boundary. All 
possible compatible laminates were considered; that is, it 
was assumed that Vy oscillated between two values on ft! 
and two different values on ft,, with possibly a transition 
layer in between. To be energy minimizing, these values nec- 


[ui] i 



(&. ea 



FIG 1 Appearance of the predicted laminates on the (0-11) plane with light 
and dark denoting the individual layers within a laminate. The magnetic 
substructure is not shown. 


essarily have to come from the potential wells (4), the energy 
in the transition layer has to be reducible to zero by refining 
the layers, and the substructure of magnetic domains has to 
be arranged to make the field energy arbitrarily small (see 
Ref. 1 for the details of how this was done). 

To summarize the results of these calculations, we use 
the notation 


1*1 


(5) 


subscript 


to denote a minimizer which uses variants i and j on fti and 
k' and /' on ft 2 . The subscript can take the value t (“twin”) 
or r (“reciprocal twin”) which refers to which of the two 
kinematically compatible interfaces ({ 100 } or { 110 }, respec¬ 
tively) is used in making the laminate; this choice also af¬ 
fects the rotations involved. Using this notation, all compat¬ 
ible variants are shown in Fig. 1. This figure shows only the 
domains of distortion [as would be revealed by differential 
interference contrast (D1C) microscopy, for example], not the 
magnetic substructure. Energy minimization gives one addi¬ 
tional restriction: The volume fraction above and below the 
growth twin boundary is necessarily the same. 

As mentioned in Sec. 1, some of these laminates are 
exactly compatible. Exact compatibility is most easily ex¬ 
plained by Fig. 2. An approximately compatible laminate has 
the property that the energy in the transition layer can be 
reduced to zero by refining the layers. Exchange energy im¬ 
poses a limit to how much the laminates can be refined, and 
the ultimate fineness is determined by a compromise be¬ 
tween the energy in the transition layer and the total interfa¬ 
cial energy. Exactly compatible laminates have no transition 
layer and, therefore, can be coarse or fine, and the tendency 
would be toward coarseness since the only energy present is 
exchange. 
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FIG. 2 Exactly compatible configuration (left-hand side) and approximately 
compatible configuration (right-hand side) laminates. 

The exactly compatible laminates are 1 
23 34 24 

y~y 3 ' 4 ' 2'4' ■ ° 

IV. MECHANISM OF MAGNETOSTRICTION 

If we imagine a unit line segment drawn on the specimen 
in the [-211] direction above the Curie point (i.e., in the 
reference configuration), this line will become a zig-zag line 
when evaluated for any of these laminates. It will never 
“break,” as we have assumed kinematic compatibility [i.e., 
the continuity of y(x)]. For such a line that is long compared 
to the layer width, the length of the line depends only on the 
volume fraction y and the choice of the laminate. A line in 
the [- 211 ] direction will have the same length whether it is 
placed above or below the growth twin boundary, by com¬ 
patibility. It is easy to calculate the maximum and minimum 
lengths of such lines, as y goes from 0 to 1 , for all the 
laminates, and the result is given in Table I. (The right-hand- 
side column is an evaluation of these lengths for material 
constants 77 , and % appropriate for Terfenol-D, obtained by 
using surface relief measurements of Al-Jiboory and Lord. 7 ) 
It is seen from Table I that the maximum strain A/// is ob¬ 
tained using the variants 1 2; however, from Eq. ( 6 ) these 
variants do not achieve exact compatibility. Another look at 
Table I shows that the reason that the variants 1 2 give the 


TABLE I. The minimum and maximum macroscopic lengths of a line ori¬ 
ented along [-211] which in the reference configuration had unit length. 


Variants 

Length 

Length with r/, =0.9992, 
%= 1.0016 

t 2 

min 7)i , 

0.9992 


max[i7;+5(7^-)7;)] 122 

1 001 33 

1 3 

min Vi , 

0.9992 


max[ 7/1+1< rft- rfi)] 1 '- 

0.999 73 

1 4 

nun 7 j 

0.9992 


max[ + §( »£- 7; I] 112 

0 999 73 

2 3 

nun[r7I+5(r£-r/;)j 12 

0 9997 


ma x[ ?/;+!(>/>- ?/i)] 12 

100133 

34 

.1,2, , (rf,~>fr 2 1 1/2 

0 999 47 


«™^5(*-*)-3j2^1 



max[7fi+ 5(77]- r/J)] 12 

0 999 73 

(3 4), 

min=max=[7/;+ij( 1^- 7^)]' 2 

0.999 73 

24 

min[ > 7 j + f( 775- r/i l] 1 ' 2 

0.999 73 


max[7/^f(7zj-77i)] lfl 

100133 
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maximum magnetostrictive strain is that they give both the 
shortest (0.9992) and the longest (1.001 3~) length; but, in 
fact, the variant pairs 2 3 and 2 4, both of which are exactly 
compatible, have the same maximal length (1.001 33) as 1 2 
but their minimum length is longer. 

Computations with applied field and load using the 
present theory are in progress , 8 but are not yet available; 
however, as far as the effect of small or moderate loads and 
fields is concerned, it is likely that they will reveal that com¬ 
pressive stress will favor variants yielding the shortest 
length, while applied fields in the direction [- 211 ] will favor 
variants yielding the longest length (This comes from a 
closer examination of the magnetic subdomain structure.) 

Putting these assumptions together with the idea that ex¬ 
actly compatible variants are preferred, we can arrive at a 
proposal for what might happen. With no compressive stress 
or applied field, variants 2 3, 2 4, or perhaps 3 4 would be 
preferred. Still in the absence of stress but with a [-211] 
field applied, 2 3 and 2 4 are then preferred, even up to large 
fields, because they give maximum extension and they are 
exactly compatible; however, upon application of compres¬ 
sive stress, there is clearly a preference for 1 2 (or 1 3 or 1 4, 
which, however, would not seem to survive cycling the 
stress, because they achieve only modest maximal lengths). 

V. PROPOSED EXPERIMENTS 

This proposal suggests some relatively simple experi¬ 
ments. Since the domains of distortion discussed above are 
observed by making use of surface relief, it is important to 
polish the specimen in the single-domain state. Failure to do 
this will result in the possibility of seeing false domain 
boundaries at places where leveled domain boundaries ex¬ 
isted during polishing. Since it is difficult to polish above the 
Curie temperature, it is reasonable to use stress to do this. 
According to the results of the theory, a compressive stress 
favors the single-domain state consisting of variant 1 , and a 
reasonably large compressive stress is advised, to overcome 
barriers associated with the inevitable defects. A fixture has 
been built to do this. 

With domains of distortion revealed, the experiment con¬ 
sists of observing the effects of applied field and compres¬ 
sive stress on the domain pattern and macroscopic magneto¬ 
striction, as indicated in the last paragraph of Sec. IV. The 
switch from variants 2 3 to 1 2 should be accompanied by a 
significant change of both the geometry and the fineness. 
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Recent developments in modeling of the stress derivative of magnetization 
in ferromagnetic materials 

D. C. Jiies and M. K. Devine 

Ames Laboratory, Iowa State University, Ames, Iowa 50011 

The effect of changing stress on the magnetization of ferromagnetic materials leads to behavior in 
which the magnetization may increase, or decrease, when exposed to the same stress under the same 
external conditions. A simple empirical law seems to govern the behavior when the magnetization 
begins from a major hysteresis loop. The application of the law of approach, in which the derivative 
of the magnetization with respect to the elastic energy supplied dM/dW is proportional to the 
magnetization displacement M m -M, is discussed. 


Previous work on the development of model theories of 
the magnetization processes in ferromagnetic materials have 
concentrated on the description of hysteresis 1,2 and the 
changes in hysteresis curves which result from constant ap¬ 
plied stress. 3-5 The magnetomechanical effect, which is de¬ 
fined as the change in magnetization of a magnetic material 
resulting from a changing applied stress under a constant 
applied field, has been reported occasionally, 6,7 but the ef¬ 
fects have appeared to be very complex. For example, in the 
closely related works of Craik and Wood 8 and of Birss, 
Faunce, and Isaac, 9 the experimental results were obtained 
by applying different stresses to various polycrystalline mag¬ 
netic materials in the presence of a small constant magnetic 
field. As noted by Craik and Wood, there were many features 
in the results which cannot be reconciled with the previous 
theory of Brown. 10 

Birss, 11 Schneider and Charlesworth, 12 and Finbow 13 
have mentioned the prediction of Brown’s theory that the 
changes in magnetization should be independent of the sign 
of the stress (i.e„ symmetric with stress), which is contrary to 
the experimental results presented in these articles. The 
“wall pressure” theory developed by Brown, and later by 
Brugel and Rimet, 14 predicts that the magnetization remains 
constant as the stress is reduced from its maximum ampli¬ 
tude. This was termed the “horizontal fly-back” by Birss and 
co-workers, 9 which is known to be at variance with experi¬ 
mental observations, as shown by Schneider and 
Richardson 15 and Schneider and Semcken, 16 as well as in the 
results of Craik and Wood, 8 Birss and co-workers, 9 and Jiies 
and Atherton. 17 

Following the observation by Bozorth and Williams 6 that 
the magnetization curve of Permalloy 68, obtained after ap¬ 
plication of a magnetic field followed by stress of 39 MPa (4 
kg mm -2 ), was “as closely as it was possible to tell, identical 
to the anhysteretic magnetization curve,” it was suggested 17 
that the main effect of stress cycling on the magnetization 
causes it to approach the anhysteretic. 

The concept of the law of approach was tested by 
Pitman 18 and later by Maylin and Squire. 19 The results, ac¬ 
cording to Pitman, seemed to confirm the law of appioach, 
with the results from positive and negative remanence being 
mirror images of each other, while the amplitude of the 
change in magnetization was found to be much reduced 
when the point on the initial magnetization curve was close 
to the demagnetized state. 

The results Maylin and Squire substantiated these results 


for locations beginning from the major loop; however, for 
locations beginning on a minor (i.e., asymmetric) loop, the 
law of approach, if it was operative, did not seem to pertain 
to the principal anhysteretic magnetization. 

There are probably three factors which determine the 
magnitude and sign of the magnetomechanical effect: (i) how 
far the prevailing magnetization is above or below the anhys¬ 
teretic (the displacement): (ii) how sensitive this displace¬ 
ment is to stress (the rate of decay); and (iii) how the anhys¬ 
teretic changes with stress. 

As described in previous work, 3 an applied uniaxial 
stress acts on a multidomain polycrystalline material like an 
applied magnetic field operating through the magnetostric¬ 
tion, and this additional “effective field” can be described by 


3 a I d\ \ 
Ha= 2~^\dM) 


( 1 ) 


Therefore, if the magnetostriction X can be described as 
a function of magnetization and stress, the anhysteretic mag¬ 
netization at field H and stress a becomes identical to the 
anhysteretic at field H + H„ and zero stress, 


MJH,a) = M m (H + H <T ,0) = M m 


3 IT 
H+- — 

2 no 


d\ \ 
dMj 



where the effects of stress have been incorporated into the 
effective field. A reasonable first approximation to the mag¬ 
netostriction of iron can be obtained by using the series ex¬ 
pansion 


x = 2 (3) 

i=i 


which enables the derivative d\/dM to be calculated. 

The stress dependence of the magnetostriction curve 
\(M,o-) can be described from the stress dependence of the 
coefficients y t . Using a Taylor series expansion, 

X O'" 

y,(« r ) = y i (0) + 2 yr(°). ( 4 ) 

n- 1 

where >('(0) is the nth derivative of y, with respect to stress 
at (7=0. 

The stress dependence of the anhysteretic magnetization 
curve can be determined from 
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FIG. 1. (a) Measured variation of the anhysteretic magnetization with stress, 
as reported by Jilcs and Atherton (Ref. 17); (b) modeled variation of the 
anhysteretic magnetization curve for various levels of stress together with 
the following values of the coefficients: Af,- 1.7X HI' 1 A/m, a = 100 A/m, 
* = 1000 A/m, a=0.001, c=0.1, y,=4Xl(r ls -(3xlu “)<r A~ 2 m 2 , and 
y 2 =2X 10" 30 -(5xl0” 39 )(r A' 4 m 4 . 


DtltsM/Ma 



FIG. 2. Variation of magnetization with applied stress at a field strength of 
80 Am' 1 close to the anhysteretic magnetization curve and slightly below 
it. The right-hand-side half of the diagram shows the behavior in tension and 
the left-hand-side half shows the behavior in compression. The values of the 
quantities used were: e=100X10 6 Pa, y,=4X10~ 18 -(3xl0" 26 )cr A~ 2 m 2 , 
and y 2 =2X10~ 30 -(5XHr 3 VA' 4 m 4 . 


dM 1 

— =-(A/ an -AO, (6) 

where now f is a decay coefficient which has units of J nT 3 . 
The change in elastic energy supplied to the material when 
the stress is changed from cr 0 to rr is 

(cr-tr 0 ) 2 , (7) 


where E is the elastic modulus. Therefore, substituting 


2 

dW~ — (cr-cr 0 )dcr 


( 8 ) 


into Eq. (6) gives 


M, n (H,a) = M s 



H+H„+ aM 
a 


a 

H+H a +aM 

(5) 


The predictions of the present mode equation for the 
stress dependent anhysteretic are shown in Fig. 1 for selected 
values of the model parameters. It is clear from these results 
that there is good agreement with the experimental results of 
Jiles and Atherton. 

The magnetization may increase or decrease when ex¬ 
posed to the same stress under the same external conditions. 
This indicates that the phenomenon is dependent on more 
than simply the external effects of stress and field. In fact the 
behavior depends on the magnetization history of the speci¬ 
men. 

We have now tv/o factors to consider; the displacement 
from the anhysteretic and the change in elastic energy. The 
proposition which we wish to test is that the derivative of the 
magnetization with the change in elastic energy supplied W 
obeys a law of approach, 





FIG. 3. Variation of magnetization with stress at 80 A m' 1 along the lower 
loop of the magnetization curve after reducing from a field amplitude of 
-5000 Am' 1 . The values of the quantities used were. €= 100X 10 6 Pa, 
yi =4xiO" 18 -(3xiO' 2 V A' 2 m\ and %=2xl0‘ 3 °-(5xi0' 3 V 
A 4 m 4 . 


7016 J. Appl Phys„ Vol. 76, No. 10, 15 November 1994 


D. C Jiies and M. K. Devine 




FIG. 4. Variation of magnetization with stress at 80 A nT 1 along the upper 
loop of the magnetization curve after reducing from a field amplitude of 
5000 Am" 1 . The values of the quantities used were: e=100X10 6 Pa, 
y,=4X10‘ 18 -(3xl0 -26 )<r A" 2 m 2 , and -y 2 =2X10" 3 °-(5XKr 3 V 
A" 4 m 4 . 


dM- -5 ( o—a 0 )(M an -M)dcr, 


(9) 


where e 2 =£^, and e has units of Pa. 
Rearranging Eq. (9) and integrating, 


! 


dM 


M-M an 7 


((x-a 0 )da. 


and consequently 
M m - M( a) = [.M an - M( a Q ) ] expl 


(T-<T 0 


( 10 ) 


(ID 


which, on subtraction from M an -M (o- 0 ), gives the change in 
magnetization AM, 

AM = M(o-)-M(<r 0 ) 

( / ^ a 

1 -exp - — 


( 12 ) 


where Ac r~a—cr 0 . This gives the symmetric dependence of 
magnetization on stress. 

However, if M an is stress dependent, as is generally the 
case, then this stress dependence needs to be incorporated, as 
shown in Eq. (2), which leads to a more complicated inte¬ 
gration. In practice, it has been found best under all condi¬ 
tions to simply evaluate Eq. (9) numerically using computer 
techniques. 

Experimental results of Pitman 18 exhibit the principal 
feature of interest, which is the AM vs A <r locus under com¬ 
pression (first an increase, and at higher compressive stress a 
decrease in M, under conditions close to, but slightly below, 
the anhysteretic). Then positive, or negative, changes in M 
with the same compressive stress, and under the same ap¬ 
plied field, depending on whether the magnetization began 
well below, or well above, the anhysteretic. 


The results of Craik and Wood 8 were more diverse than 
those of Pitman, and in particular their results showed the 
essential asymmetry of the magnetization versus stress 
curves at higher stress levels. At small stress amplitudes of 
up to about ±0.5 kg mm -2 (=4.9X10 6 Pa), the change in 
magnetization with stress was almost symmetric. Even up to 
±2 kg mm -2 (19.6X10 6 Pa), the sign of the change was 
positive under both tension and compression; but, beyond 
±3 kg mm -2 (29.4X10 6 Pa), the change of magnetization 
with stress was negative under compression but positive un¬ 
der tension. A wide range of different behaviors of magneti¬ 
zation under stress was reported by Craik and Wood, show¬ 
ing asymmetry under tension or compression, and in which 
the amplitude of the changes was dependent on the strength 
of the constant applied magnetic field; however, because 
Craik and Wood did not measure the anhysteretic magneti¬ 
zation, the physical sigrficance of the observed changes was 
not clear from their work. 

In the work of Birss 11 it was found that for small 
changes in magnetization the magnetization versus stress 
curves were symmetric with respect to stress. For larger 
changes in magnetization, Birss reported similar findings to 
Craik and Wood: namely, a change in sign of the stress de¬ 
rivative under compression, leading to an asymmetric behav¬ 
ior. 

The results of model calculations are shown in Figs. 
2-4. It can be seen from the results of Fig. 2 at a field 
strength of 80 A/m that the slope of the curve of AM vs Act 
changes sign in the compressive region at about -100 MPa. 
This result is similar in behavior to the data of Craik and 
Wood , 8 Birss and co-workers , 9 and Pitman . 18 The results in 
Figs. 3 and 4 show that the change in magnetization is posi¬ 
tive or negative, depending on whether the initial magnetiza¬ 
tion state is below or above the anhysteretic, respectively. 
The resultant curves here are in excellent agreement with the 
reported results of Pitman . 18 
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Magnetization and magnetostriction curves from micromagnetics 

Antonio DeSimone a> 

Center for Nonlinear Analysis, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 

The macroscopic behavior of magnetostrictive materials results from domain evolutions, often 
occurring at a microscopic scale. It is shown how to compute magnetization and magnetostriction 
curves by appraising the behavior of the underlying microstructures. The method hinges on an 
averaging device (Young measures), which allows one to pass from the microscopic to the 
macroscopic scale. The kinemaiical constraints on the accommodation of elastic effects are taken 
into account, and the role of material symmetry in the selection of energetically optimal 
microstructures is highlighted. Moreover, the effect of magnetoelastic coupling on the computation 
of magnetization curves is discussed. 


I. INTRODUCTION 

Specimens of magnetostrictive materials exhibit mag¬ 
netic and elastic domains, which evolve under the action of 
applied magnetic fields and loads. Analyzing the mecha¬ 
nisms that govern these domain evolutions is a key step to 
understand the macroscopic response of magnetostrictive 
materials: The macroscopic deformations induced on these 
materials by applied magnetic fields result precisely from 
domain rearrangements, often occurring at a microscopic 
scale. In fact, the size of magnetic and elastic domains is 
typically rather small as compared to the size of the body in 
which they appear. As a consequence, domain patterns may 
result in complex geometries. Micromagnetics provides us 
with a rationale for the occurrence of fine domain patterns, 
based on energy minimization. Moreover, at least in prin¬ 
ciple, it could be used to predict the most energetically fa¬ 
vored configurations under given applied fields and loads 
and, hence, for quantitative predictions of the macroscopic 
response of magnetostrictive materials. In practice, this pro¬ 
gram fails due to the complexity of the configurations to be 
computed. 

In this article we report on recent progress in applying 
micromagnetics to predict virgin magnetization and magne¬ 
tostriction curves. Our method, inspired by the work of 
James and Kinderlehrer, 1 is based on a simple idea: Only a 
few average properties of domain patterns are needed to 
compute magnetization and magnetostriction curves, and not 
all of the geometric details of domain patterns are needed to 
exactly quantify their energetics. We focus precisely on those 
features of domain patterns which are needed to select the 
energetically optimal ones, and to describe them in enough 
detail so that the macroscopic response can be characterized. 
Our analysis bears close similarities with those based on the 
classical article of Neel, 2 but there are also some significant 
differences. In particular, we do take into account the effect 
of magnetoelastic coupling on the prediction of magnetiza¬ 
tion curves. 

II. MICROMAGNETICS 

We adopt the large-body limit formulation of 
micromagnetics, 3 in which exchange energy is omitted. Fol- 


s, On leave from Dip Ing. Civile, Umversita di Roma “Tor Vergata,” 00133 
Rome, Italy. 


lowing Clark, 4 we use the framework of linear elasticity, and 
we measure deformations through the linear strain E(x) 
=(j)[Vu(x)+V 7 u(x)], where u(x) denotes the displacement 
of the point x of a body ft. Moreover, we restrict our atten¬ 
tion to an unloaded specimen (the case of applied surface 
tractions has been considered in Ref. 5). The state of Cl is 
described by a magnetization-deformation pair (m,E), and 
we look for minimizers of the energy functional 

G h (m,E)= I {<p TOT [m(x),E(x)]-h-m(x)}dx 
Jn 

+ 2 | R3 l Vu mU)l 2 dx. (1) 

Here h is a constant external magnetic field, while -Vu m is 
the magnetic field generated by m, defined as the solution of 
Maxwell equation div(-VM m +m)=0, where m is the exten¬ 
sion of m to R 3 which vanishes outside Cl. Moreover, we 
write 

<p TOT (m,E)=<p(m)+KE-Eo(m)]-C[E-E 0 (in)], (2) 

where <p is the anisotropy energy density, C is the fourth- 
order tensor of elastic moduli, and E 0 (m) is the stress-free 
strain corresponding to m, i.e., the second-order tensor 
which, for given m, is such that <p TOX [m,E 0 (m)]^ip roT (m,E) 
for every E. 

Crucial to our analysis are some properties of <p and 
E 0 (m) dictated by material symmetry. Denoting by 
the group of material symmetries of the material at hand, 
i.e., the set of orthogonal matrices Q such that 
<p r ox(Qnt,QEQ r ) = <fToT( m >E) for every m and E, we have 

<p(Qm) = <p(m), and E 0 (Qm) = QE 0 (m)Q r , VQe./ 1 . 

(3) 

We also remark that, in view of Eq. (2), G h is the sum of a 
non-negative term (the energy due to magnetoelastic cou¬ 
pling), and of the energy 

i? h (m)= {<p[m(x)]-h'in(A-)}</* 

Jn 

+x f ,|V« m U)| 2 dx, (4) 

2 Jr 3 

which would be associated with the magnetized body, were it 
to be considered rigid. 
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FIG. 1. The Ath element of an energy-minimizing sequence for an unloaded 
specimen of uniaxial material under zero applied field. 


III. MICROSTRUCTURES 

The starting point of our analysis is the observation that 
the infimum of G h may be unattainable in the space of ad¬ 
missible magnetization-deformation pairs. We illustrate this 
with an argument due to James and Kinderlehrer. We set 
h=0, and we consider a uniaxial material with easy axis e. 
Figure 1 shows the &th element of an energy minimizing 
sequence of magnetization-deformation pairs (note that the 
sequence is parametrized by the width of the byers, that the 
magnetization is always directed along the easy direction, 
and that the deformation is constant and it corresponds to a 
stress-free strain everywhere in fi). By refining the width of 
the layers, we can drive the energy to its infimum /, which is 
ip(e) times the volume of fl. However, since there is no 
divergence-free magnetization field which takes only the val¬ 
ues ±e, there is no configuration whose energy is exactly 1. 
Thus, strictly speaking, the proposed minimization problem 
has no solution. In spite of this, the example gives a clear 
indication of how to proceed: a minimizer of G 0 should be 
described by the asymptotic behavior of an infinitely refining 
minimizing sequence, i.e., in a descriptive language, by a 
microstructure. 

The notion of Young measure allows us to give a precise 
description of some of the asymptotic features of an infi¬ 
nitely refining sequence. Essentially, Young measures pro¬ 
vide the precise mathematical description of the mixtures of 
magnetic phases introduced by Neel in Ref. 2. Indeed, the 
Young measure v x generated by a sequence of magnetiza¬ 
tions (m*), k- 1,2.gives, at each point x of the body, the 

limiting distribution of the values of m* in a vanishingly 
small neighborhood of x. For example, the Young measure 
generated by the sequence (m*) of Fig. 1 is in fact indepen¬ 
dent of x and it can be written as 

l ' = 5< 5 e + l< 5 -e> (5) 

where S xt is a Dirac mass centered at ±e. The physical 
meaning of Eq. (5) is the following: In the limit k—>&, m* 
represents a microscopic arrangement of domains with the 
property that at every point of the body only domains with 
magnetization ±e are present, and with equal volume frac¬ 
tions. The first moment of a Young measure generated by a 
sequence of magnetizations gives the average magnetization 
in a neighborhood of x, and its average over fl gives the 


average magnetization of the whole specimen. For Eq. (5) 
we obtain zero, i.e., v describes a demagnetized state. Simi¬ 
lar arguments can be applied to sequences of deformations 
and, in essence, our approach to the computation of mag¬ 
netization and magnetostriction curves consists of a system¬ 
atic application of the line of reasoning described above to 
cases in which an applied magnetic field is present. In par¬ 
ticular, we note that if we are given a minimizing sequence 
(m^E*) of G b for each value of the applied field h, then the 
knowledge of the Young measures generated by the se¬ 
quences m* suffices to compute the corresponding magneti¬ 
zation curve. 

TWo remarks are in order. To clarify the physical mean¬ 
ing of infinitely refining sequences, we recall that the theory 
presented here is a limit theory for large specimens. Typi¬ 
cally the ratio between the size of the domains and the size of 
the body in which they appear tends to zero as the latter 
increases. Since in the present theory this limiting process is 
represented on a reference body of fixed size, infinite refine¬ 
ment ensues. Our second remark concerns the problem of 
computing the energy of a microstructure. Put simply, the 
knowledge of the magnetic phases present in a microstruc¬ 
ture, and of the corresponding volume fractions, does not 
provide enough information to compute its energy (in the 
example above, we carefully chose the orientation of the 
domain interfaces, and we also checked that no extra energy 
contributions arose from the magnetoelastic coupling). Thus, 
a model for magnetostrictive materials in which microstruc¬ 
tures are described only through these quantities may lead to 
inaccurate predictions (see following section). It is indeed 
possible to characterize the energetics of microstructures 
without resolving them in their finest details. For this pur¬ 
pose, one needs not only Young measures, but also the H 
measures of Tartar. 6 The selection of optimal microstructures 
can thus be reduced to a minimization problem over Young 
measures and H measures. Here we follow the technically 
simpler alternative of computing minimizing sequences di¬ 
rectly, and we use Young measures only to describe those of 
their features which are relevant for the computation of mag¬ 
netization and magnetostriction curves. In this process, we 
do not neglect any energy contribution: In particular, we take 
into account both the magnetostatic and the magnetoelastic 
energy that may arise from jumps of the magnetization 
across adjacent domains. 

IV. APPLICATIONS AND DISCUSSION 

We illustrate our approach on a sample application. We 
consider a spherical specimen of uniaxial material, with an¬ 
isotropy energy <p(m)=/r[l-(m-e) 2 ] (we assume |m|=l and 
k> 0), under an applied field at 45° from the easy axis e. We 
rely on the results of Ref. 3, where the corresponding mini¬ 
mization problem for R b has been solved. The interesting 
regime is that of low field strengths, where minimizers of R h 
are microstructures. Examples of the relevant minimizing se¬ 
quences are shown in Fig. 2. They consists of layers, in each 
of which the magnetization takes one of two possible values 
(which depend on the applied field), say, mj and m 2 . We 
obtain the minimizing sequences for G b by setting every- 
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FIG. 2. Minimizing sequences for a spherical specimen of uniaxial matei, 
with applied field at 45° from the (horizontal) easy axis. A,B,C correspond 
to increasing field strengths. 


where in the specimen E(x) =E 0 [m(x)]. This leads to a dis¬ 
continuous deformation field, which is, however, kinemati¬ 
cally compatible if 

Eo(m 1 )-E 0 (m 2 ) = j(a®e i + e 1 ®a), (6) 

for some vector a (here e 2 denotes the normal to the layer 
interfaces, while a®b denotes the matrix with components 
a,bj). This is indeed the case, and it is not hard to check. The 
“structural” reason behind this result is that m 2 =Rm 1 , 
where R is a 180° rotation about e x , and hence it is an 
element of Thus, by Eq. (3), E 0 (m 2 )=RE 0 (m 1 )R r . 

We can conclude that, in the example considered, the 
minimizers of G h correspond to stress-free states. Thus, if 
(m,E) is a “minimizer” (possibly a microstructure) of G h , 
then m is a “minimizer” of R h (in fact, the unique mini¬ 
mizer of R b , as shown in Ref. 3). These observations give 
rise to a strategy for computing magnetization and magneto¬ 
striction curves: The computation of the magnetization curve 
is reduced to the computation of the minimizers of R h , and 
the magnetostriction curve is obtained by considering the 
stress-free strains associated with the minimizers of R b . This 


is a standard procedure, and we have thus shown that, in the 
example considered, it is justified as an exact consequence of 
micromagnetics. 

In spite of the fact that similar results can be proved for 
a surprisingly large class of materials, 7 the validity of the 
procedure outlined above is not universal. A simple example 
is that of iron, when an external field applied in the [111] 
direction. It is interesting to note that, close to saturation, the 
magnetization curve computed from the minimization of jR h 
differs substantially from the experimental measurements. In 
this regime the minimizers of R h consist of mixtures of four 
magnetic “phases” which are not symmetry related, and 
whose associated stress-free strains cannot give rise to kine¬ 
matically compatible deformations (a proof will appear in 
Ref. 7). We conjecture that, by taking into account the energy 
contribution due to the magnetoelastic coupling, a more re¬ 
alistic prediction of the magnetization curve can be obtained: 
Indeed, in order to compensate for the elastic energy stored 
in a stressed configuration, higher field strengths should be 
necessary to sustain a given average magnetization. 
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Magnetostriction of meit-spun Dy-Fe-B alloys 
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The magnetostriction of melt-spun ribbons of Dy^Fej_ y B y )j _ x (*=0.2,0.25,0.3; 0^=50.2) alloys 
is systematically investigated as a function of the wheel speed during melt quenching. As the wheel 
speed increases from 10 to 50 m/s, the magnetic softness improves with the wheel speed rather 
continuously for the alloys with the Dy content * =0.2 and 0.25 but it exhibits a maximum at the 
wheel speed of 30 or 40 m/s for the alloys with the highest B content (*=0.3). The softness also 
improves with the B content for a fixed wheel speed. Homogeneous and ultrafine grain structure is 
observed for the first time even in the as-spun state when the ribbons of the alloy Dy 0 3 (Fe 0 8 B 0 2 ) 0 7 
are fabricated at the wheel speed of 30 m/s. The ribbon having the ultrafine grain structure exhibits 
good magnetic softness together with a high strain. 


I. INTRODUCTION 

Giant magnetostrictive rare-earth (R) -transition-metal 
(TM) -based alloys such as TbFe 2 were developed more than 
2 decades ago . 1,2 The saturation magnetostriction \ s , of 
TbFe 2 compound at room temperature is as large as 
1753X10 -6 (or 1753 ppm ); 3 however, since the magneto¬ 
crystalline anisotropy of the alloys is also very large, a large 
magnetic field is usually required to obtain a large strain. In 
the practical point of view it is important to have a large 
magnetostriction at a low magnetic field. In an early effort in 
this direction, many workers attempted to reduce the magne¬ 
tocrystalline anisotropy through alloy design, one notable ex¬ 
ample being the investigation of pseudobinary (R, ,R 2 )-TM 
compounds. One main outcome from the investigation was 
the development of Tb 03 Dy 0 7 Fe 2 compound commercially 
known as Terfenol-B . 4 

Recently, attempts have been made to improve the soft¬ 
ness of R-TM compounds by suitably controlling the micro¬ 
structure of the compounds . 5-10 The main route to micro- 
structural modification is rapid quenching from the melt. It 
has been reported by many workers that the grain refinement 
or amorphization by this method improves the softness of the 
alloys although, in some cases, this improvement has been 
done at the expense of reduced \ s , 7,8 Very recently, R-TM 
alloys of thick-film type were also fabricated by sputtering 
and were reported to show good magnetic softness . 9,10 It is 
clear from these later studies that the softness of R-TM al¬ 
loys is sensitively affected by the microstructure, although it 
is felt that not much systematic work has been done so far. 

In order to see how the microstructure and hence the 
softness of R-TM alloys is affected by fabrication conditions, 
we systematically investigate the magnetostriction of melt- 
spun ribbons of R-Fe-B alloys. In the present work, the al¬ 
loys selected were Dy i (Fe 1 _ ) ,B y ) 1 _ :t (*=0.2, 0.25, 0.3; 
OsSy^O^). Similar work on Tb- and Sm-based alloys is in 
progress. The element B was added to the R-TM alloys, 
since it is known to affect the microstructure of as-spun 
ribbons. 

II. EXPERIMENTAL DETAILS 

The Dy-Fe-B alloys were arc melted in an Ar atmo¬ 
sphere. Subsequent melt spinning was carried out also in an 


Ar atmosphere. In the present experiments we fixed all the 
fabrication parameters except for the wheel speed which was 
varied over a wide range from 10 to 50 m/s. The melt tem¬ 
perature maintained at just above the melting point of 
ihe respective alloys. The orifice diameter was about 0.5 mm 
and the chamber and ejecting Ar pressures were 2.1 X10 -2 
and 1.85X10 -1 MPa, respectively. The magnetostriction was 
measured by a three-terminal capacitance method at room 
temperature and at magnetic fields H up to 8 kOe. The mi¬ 
crostructure was mainly examined by x-ray diffraction and, 
in some cases, by transmission electron microscopy (TEM). 

III. RESULTS AND DISCUSSION 

For the Dy 02 (Fe 1 _ > ,B y ) 08 alloy system, it is observed 
from the results for X vs H plots, not shown here due to 
space limitation, that X increases very slowly with H at low 
fields, when ribbons of low-B alloys are fabricated at low 
wheel speeds (usually 30 m/s or less); however, the magnetic 
softness improves substantially with the increasing wheel 
speed and/or B content. These \-H results are well explained 
by the x-ray-diffraction results. In low-B alloys, sharp dif¬ 
fraction peaks are seen at low wheel speeds indicating that 
crystalline phases with coarse grains exist, but, at high wheel 
speeds, the peaks are broadened indicative of the formation 
of finer grains. In high-B alloys, an amorphouslike broad 
pattern is observed even at low wheel speeds indicating that 
the glass-forming ability is increased by B addition. The 
value of X in this alloy system is low, ranging from 30 to 60 
ppm at 8 kOe. The crystalline phase is identified to be mainly 
Dy 5 Fe 23 compound with a small amount of DyFe 3 . 

For the alloy series Dy 0 25 (Fe 1 _ > ,B ) ,) 075 , the magnetic 
softness is observed to improve with the wheel speed, as is 
clearly demonstrated by the \-H plots obtained at different 
wheel speeds for the y= 0.1 alloy, as an example, shown in 
Fig. 1(a). The diffraction patterns for the same alloy are 
given in Fig. 1(b). Although the results are not shown here, 
the alloys with the other B content, except for the y=0.2 
alloy, exhibit a similar \-H behavior. This progressive im¬ 
provement in the softness with the wheel speed is completely 
matched by the x-ray-diffraction patterns as shown in Fig. 
1 (b) from which it is observed that the peak intensity de¬ 
creases and the peak width broadens continuously with the 


J Appl. Phys 76 (10), 15 November 1994 


0021 -8979/94/76(10)/7021 /3/S6.00 


© 1994 American institute of Physics 7021 






FIG. 1. (a) The \-H plots for the alloy Dyo 25 (Fe 09 B 01 ) 0 75 . (b) The x-ray- 
diffraction patterns for the same alloy as in (a). The DyFe 2 and DyFc 3 
phases are indicated by the solid and open triangles, respectively. The num¬ 
bers on the curves denote the wheel speed in m/s. 


wheel speed. In the case of the y= 0.2 alloy, the value of X 
for the ribbons fabricated at the wheel speeds of 10 and 20 
m/s is higher than that for the ribbons produced at the higher 
wheel speeds. The reason for this was originally thought to 
be due to the fact that, even at low wheel speed of 10 or 20 
m/s, crystalline grains fine enough to result in good magnetic 
softness are formed at the large B content. The observed 
x-ray-diffraction patterns, however, do not seem to clearly 
support the assumption, since the peak intensity and the de¬ 
gree of line broadening do not vary greatly with the B con¬ 
tent at the fixed wheel speed of 10 or 20 m/s. Further experi¬ 
ments are required to properly explain the high-X values at 
the low wheel speeds in this high-B alloy. 

The crystal structure of the Dy 0 2 5 (Fe 1 _ y B } ,) 0 75 series, 
which is determined by the x-ray-diffraction patterns, is ob¬ 
served to vary with the B content. Mostly the DyFe 3 phase 
exists in the B-free alloy and the DyFe 2 phase exists in the 
highest-B (y=0.2) alloy, and, in the alloys with the interme¬ 
diate B content, the DyFe 3 and DyFe 2 phases coexist. 

For the alloy system with the highest Dy content 
Dy 03 (Fe 1 _ y B > ,) 0 7 , X increases with the wheel speed, shows a 
maximum at the wheel speed of 40 m/s (30 m/s for the 
y =0.2 alloy), and then decreases with the further increase in 
the wheel speed. Some of the \-H results are shown in Fig. 
2(a) (for the alloy y=0.1) and Fig. 2(b) (for the alloy 




FIG. 2. The \-H plots for the alloys (a) Dy 03 (Fe 09 B 01 ) 07 and (b) 
Dyo 3 (Fe 08 Bo 2 )o 7 . Also shown are the \-H results for a bulk crystalline 
DyFc- for comparison (Ref. 3) (broken line). The numbers on the curves 
denote the wheel speed in m/s. 


y=0.2). Although x-ray results are not shown here, the way 
in which the intensity and width of the x-ray peaks vary with 
the wheel speed is similar to that observed for the 
Dyo. 25 (Fe 1 _ y B y ) 075 alloy system. The crystalline phase is de¬ 
termined to be mainly DyFe 2 , a small amount of DyFe 3 be¬ 
ing also observed for the alloys y =0 and 0.05. Also shown in 
Figs. 2(a) and 2(b) are the \-H results for a bulk crystalline 
DyFf ; for comparison. 3 No appreciable increase in X of the 
bulk DyFe 2 is observed until H =1 kOe, after which X in¬ 
creases with H almost linearly. 

The decrease in X at the high wheel speed of 40 or 50 
m/s may be related to the presence of an amorphous phase. It 
is reported that the \ s value of amorphous DyFe 2 is very low 
(38 ppm), 3 which is much lower than the value of 433 ppm at 
25 kOe for the crystalline counterpart 3 as well as that of the 
present melt-spun ribbons fabricated at the optimum condi¬ 
tion. It is therefore quite likely that X decreases significantly 
by the formation of an amorphous phase. An amorphous 
phase can also be formed at the high wheel speed for the 
Dy 0 25 (Fe ! ~ y B > )o 75 alloy system; however, since the main 
crystalline phase in Dy 0 2 s(Fe 1 _ y B y ) 0 75 is mainly DyFe 3 or a 
mixture of DyFe 3 and DyFe 2 (except for the high-B alloy 
where mainly DyFe 2 phase exists), as was already discussed, 
and the X s value of amorphous DyFe 3 is reported to be high 
(130 ppm), 5 which is similar to that for the ribbons fabricated 
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a) 

b) 


c) 


FIG. 3. Transmission electron micrographs (the bright-field images) and 
selcctcd-arca-diffraction patterns for the alloy Dy 0 3 (Fe 08 B 02 ) 07 at the wheel 
speeds of (a) 10 m/s, (b) 30 m/s, and t c) 50 m/s. 


at the optimum wheel speed, the presence of an amorphous 
phase will not greatly affect the \ value. The assumption that 
the decrease in X at the high wheel speed is related to the 
amorphous phase is supported by the present x-ray results, 
since amorphouslike patterns appear to be seen together with 
crystalline peaks at the high wheel speed. Amorphouslike 
patterns become clearer as the B content increases. 

In order to examine the microstructure further, TEM ex¬ 
periments were conducted and some of the results are shown 
in Fig. 3 for the Dy 03 (Fe 0 8 B 0 2 ) 0 7 alloy. From the TEM re¬ 
sults, two important points can be noted: First, an amorphous 
phase is observed by TEM, as is evidenced by the halo pat¬ 
tern at the wheel speed of 50 m/s; second, the more impor¬ 
tant point is that, at the wheel speed of 30 m/s, homogeneous 
and ultrafine crystalline grains are formed. The grain size is 
estimated to be 10-20 nm. This is the first observation of 
homogeneous and ultrafine grains, to our Knowledge, in the 
as-spun state, although similar ultrafine grains were previ¬ 
ously observed for the Tb-Fe-B alloy system by annealing 
precursor amorphous alloy ribbons. 8 

In order to see hew the magnetic softness and the value 
of X vary with the B content, the results for X,/a 8 (where Xi 
and Xg are the values of X at 1 and 8 kOe, respectively) and 
X g as a function of the B content are shown in Fig. 4 for the 
Dy 03 (Fe 1 _ > .B > ,) 0 7 alloy system. The ratio X,/X g is used to 
measure the degree of magnetic softness. For each B content, 
we plot data for that wheel speed which yielded the highest 
str.in a 1 kOe (largest X t ), which was obtained at the wheel 
speed of 40 m/s fr-. (he alloys with the composition y^O. 15 
and the whee' speed o f 30 m/s for the y=0.2 alloy. In the 
y =0.2 alloy, the results at the wheel speed of 40 m/s are also 
shown in the figure in order to compare the results for the 
ribbons fabricated at the same wheel speed. The reason for 
the highest X^Xg ratio at y =0.15 is related to the presence of 


FIG. 4. The values of X,/X 8 and X 8 (where X, and X 8 are the values of X at 
1 and 8 kOe, respectively) as a function of the B content y in the alloy 
system Dy 03 (Fc l _ > B y ) 07 . The data with the open circles are for the wheel 
speeds which yielded the la-gest X, (40 m/s for the alloys y=S0.15 and 30 
m/s for the alloy y =0.2). In the y =0.2 alloy, the results at the wheel speed 
of 40 m/s are also shown and are indicated by the solid circles. 

a magnetically soft amorphous phase. The high ratio, how¬ 
ever, is achieved at the cost of very low Xg value. With the 
same reasoning, the Xj/X 8 ratio of the y=0.2 alloy at the 
wheel speed of 40 m/s is expected to be large but it is ob¬ 
served to be small. This is because the value of X itself is so 
low that the contribution from the volume magnetostriction 
after saturation becomes appreciable, even though the value 
of volume magnetostriction (which is usually indicated by 
the slope d'K/dH after the saturation) is similar to each other. 
The ribbon having the ultrafine grain structure (y= 0.2) ex¬ 
hibits good magnetostrictive properties; good magnetic soft¬ 
ness (X 1 /X g =0.66) and a high strain (X 8 =260 ppm). 

IV. CONCLUSION 

In conclusion, K-H behavior of the melt-spun ribbons of 
Dy-Fe-B alloys is investigated as a function of the wheel 
speed and alloy composition. The homogeneous and ultrafine 
grain structure is observed for the first time even in the as- 
spun state when the ribbons of the alloy Dy 03 (Fe 0 8 Bo. 2 )o.7 
are fabricated at the wheel speed of 30 m/s. The ribbons 
having the ultrafine grain structure are observed to exhibit 
good magnetostrictive properties. 
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Magnetic properties and magnetostriction in grain-oriented 
(Tb x Dy 1 -xKFe! - y Mny)i M compounds 

T. Kobayashi, I. Sasaki, T. Funayama, and M. Sahashi 

R&D Center, Toshiba Corporation, 1 Komukai, Toshiba-cho, Saiwai-ku, Kawasaki-210, Japan 

The magnetic properties and magnetostriction in grain-oriented (Tb^Dy 1 _ x )(Fe 1 _ > ,Mn J ,)j 95 
compounds with 0 . 3 ^x 550 . 5 , 0«=y=S0.2 prepared by the Bridgman method have been investigated. 
It is confirmed that the Mn substitution not only lowers the spin reorientation temperature but also 
enhances \(100). This large X(100) is contradictory to the single-ion model. For Tb 05 Dy 0 .5 
(Fe 09 Mn 01 ) 195 compound, no spin reorientation, which induces the sharp drop in the 
magnetostriction is seen in the temperature range from 77 to 400 K. In addition, by choosing the 
appropriate compressive stress, the quite excellent thermal stability and the large magnetostriction 
of 2000 ppm in the low applied field can be realized in the Tb 05 Dy 05 (Fe 09 Mn 01 )i 95 compound. 
These features make Tb 0 5 Dy 0 5 (Fe 09 Mn 01 ) 195 a promising material applicable to the various giant 
magnetostrictive actuators. 


I. INTRODUCTION 

The Laves phase compounds, rare earth with iron 
(RFe 2 ), are well known for their giant magnetostriction. In 
the pseudobinary compounds, Tb x Dy,_ x Fe 2 , the spin reori¬ 
entation takes place at a specific temperature. For 
Tbo 27 Dyo. 73 Fe 2 , the spin reorientation takes place near room 
temperature. In the compounds with cubic symmetry, the 
easy magnetization direction lies along the crystallographic 
axis (111) at higher temperature, while (100) is the easy 
magnetization direction at lower temperature. 1,2 Because the 
magnetostriction constant along (111), Mill), is much larger 
than that along (100), X(100), a large change in magneto¬ 
striction occurs around the spin-reorientation temperature. 

On the other hand, the Mn substitution for Fe in 
(TbDy)Fe 2 enhances its magnetostriction at room tempera¬ 
ture and also lowers its spin-reorientation temperature by 
changing the magnetocrystalline anisotropy. 3 Furthermore, 
the Mn-containing compound has the larger magnetostriction 
constant Ml00) than the Mn free compounds; 4 however, the 
detailed behavior of the magnetostriction and the related 
phenomena is still ambiguous due to the lack of data ob¬ 
tained from the single crystals. The purpose of this article is 
to investigate the magnetocrystalline anisotropy and magne¬ 
tostriction based on the data obtained from the 
(TbDy)(FeMn) 2 single-crystal samples and to discuss the 
spin-reorientation phenomena and the related magnetostric¬ 
tion behaviors. 

II. EXPERIMENT 

Tb x Dy 1 _ I (re 1 _ y Mn >1 ) 19 5 samples with 0 . 355 x^ 0 . 5 , 
O^y^O.2 were prepared by the Bridgman method. In pre¬ 
paring samples, a /i-BN crucible was used. The solidification 
rate was 29 mm/h. The samples were heat treated in vacuum 
at 950 °C for 5 h. The crystallographical direction of the 
samples was determined by the Laue method. The metallo- 
graphic observation were carried out by the scanning elec¬ 
tron microscope (SEM). 

The torque measurements were carried out in the tem¬ 
perature range from 77 to 400 K, using a torque magnetome¬ 
ter. ' he magnetic field was applied up to 1.7 T. The (110) 


plane, which contains all of the principal crystallographic 
axis, was chosen for the torque measurements. The magne¬ 
tostriction along the ( 111 ) and ( 100 ) crystallographic direc¬ 
tion was measured by a standard strain gauge technique, us¬ 
ing <£3X0.5 mm (disk) and (£6X10 mm (cylindrical rod). 
The cylindrical samples were provided for the magnetostric¬ 
tion measurements under static compressive stress from 0.8 
to 20.2 MPa with the applied field up to 0.4 T. Magnetostric¬ 
tion along the ( 111 ) and ( 100 ) without the compressive stress 
were measured with the applied field up to 1.7 T, using the 
disk samples. 

III. RESULTS AND DISCUSSIONS 

The metallographic observation by SEM shows that the 
samples prepared by the Bridgman method have regular 
platelet microstructures. Their crystallographic (111) axis tilt 
about 10°-20° from their rod axis. The prepared samples 
have enough qualities for the torque measurements with one 
exception. In the Mn-free and high-Tb-content case of 
Tbo. 5 Dyo. 5 Fe 7 , a planar dendrite microstructure is partially 
observed and the crystallographic direction deviates part by 
part in the prepared sample, while Tb 0 5 Dy 0 5 (Fe 09 Mn 01 ) 195 
dose not show such a disorder. This suggests that the Mn 
substitution modifies the phase diagram and leads to the 
change in the solidification process and the microstructure of 
the sample, particularly in the high-Tb-content region. Figure 
1 shows the temperature dependencies of the magnetostric¬ 
tions at 0.1 T for the Mn-containing and Mn-free polycrystal 
materials . 5 In the figure the magnetostrictions are normalized 
by their room-temperature values. For Tb 03 Dy 07 Fe 193 and 
Tb 03 Dy 07 (Fe 08 Mn 02 ) 1 93 , sharp magnetostriction drops can 
be seen around the spin-reorientation temperature, where the 
easy magnetization direction changes from ( 111 ) to ( 100 ); 
but, it starts at 300 K for Tb 03 Dy 07 Fe 193 while it starts at 
220 K for Tb 03 Dy n 7 (Fe 08 Mn 02 )i 93 . So, the Mn substitution 
for Te lowers the spin-reorientation temperature. It is also 
noted that the magnetostriction of Tb 03 Dy 07 (Fe 08 Mn 02 ) 193 
in the lower-temperature region is larger than 
that of Tb 03 Dy 07 Fe 193 . For the high-Tb-content 
Tb u 5 Dy 0 5 (Fe 09 Mn 01 ) 193 , such a magnetostriction drop is 
never seen in the temperature range from 77 to 400 K. 
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FIG. 1. Temperature dependences of the magnetostriction at 0.1 T for the 
Mn-containing and Mn-free polycrystal materials. 


Figure 2 shows the temperature dependence of the free- 
energy difference between the magnetization along the ( 111 ) 
axis and that along (100) axis for Tb^Dy,_ Jt (Fe 09 Mn 01 ) ig5 
with *=0.3, 0.4 and 0.5. With decreasing temperature the 
energy difference increases at first and then it decreases. Its 
minimum corresponds to the spin-reorientation temperature. 
From this result we can confirm that the increase of the Tb 
content decreases the spin-reorientation temperature and that 
the spin reorientation does not take place in the temperature 
range from 77 to 400 K for Tb 05 Dy 05 (Fc 09 Mn 0 1 ) 1 , 95 . Figure 
3 shows the temperature dependence of the magnetostriction 
X(lll) and X(100) for Tb 04 Dy 06 Fe, 95 and 
Tbo 4 Dyo 6 (Feo 8 Mn 0 2)1.95. The temperature is normalized by 
the Curie temperature T c . In Fig. 3(a) the magnetostriction 
X(lll) of both Tb 04 Dy 06 Fe| 95 and Tb 04 Dy 06 (Fe 08 Mn 02 ) 1 95 
behaves in almost the same manner. The drop of magneto¬ 
striction of both samples takes place around TIT c =0.2 under 
the applied magnetic field of 0.2 T; however, the behavior of 
the X(100) is quite different. As can be seen in Fig. 3(b), 
X(100) of Tb 04 Dy 06 Fe! 95 shows little temperature depen¬ 
dence although a little jump of the X(100) is seen around 
777;= 0.2 due to the change in the easy magnetization direc¬ 
tion from (111) to (100). This indicates that the intrinsic 
magnetostriction along ( 100 ) axis is small for 
Tb 04 Dy 0 6 Fe, 95 . To the contrary the jump of the X(100) is 



FIG. 2. Temperature dependence of the free-encrgy difference between the 
magnetization along (111) axis and that along (100) axis for 
Tb I Dy|.^(Fe 0 ,Mn 9 1 ) 195 with x =0.3, 0.4 and 0.5. 
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FIG 3. Temperature dependence of the magnetostriction \(111> and X(100) 
forTb 04 Dyo6Fe,, 5 and Tb 04 Dy 06 (Fe 08 Mn 02 ) 19 j: (a) X<111) and (b) X<100). 

very large for Tb 04 Dy 06 (Fe 08 Mn 02 ) 1 9 5 . Its X(100) reaches 
500 or 600 ppm in the low-temperature region. This result 
suggests that the intrinsic magnetostriction along ( 100 ) axis 
is very large for Tb 04 Dy 06 (Fe 08 Mn 02 ), 95 and that the en¬ 
hancement of X(100) results from the Mn substitution. The 
single-ion model proposed by Cullen and Clark 6 predicts the 
small X(100) by neglecting the transition-metal contribu¬ 
tions. This is confirmed to be true for the Mn-free samples in 
our experiments, but the Mn-containing case is contradictory. 
This result suggests the importance of constructing a model 
to include the transition-metal contributions for explaining 
the behavior of the giant magnetostrictive materials properly. 

Figure 4 shows the temperature dependence of X(lll) at 
1360 kA/m (17 kO) for TbojDyojFej 95 and 
Tbo 5 Dy 0 5 (Fe 09 Mn 01 ) 19 5 . As the easy magnetization direc¬ 
tion changes from (111) to (100), X(lll) of Tb 03 Dy 07 Fe 19 5 
decreases with decreasing temperature. On the other hand, 
X(lll) of Tb 05 Dy 0 5 (Feo 9 Mn 01 ) 19 5 monotonically increases 
with decreasing temperature owing to the spin-reorientation- 
free characteristics. Its X(lll) is 1500 ppm at the room tem¬ 
perature ar.d reaches as high as 3250 ppm at 77 K. The high 
X(lll) value and the spin-reorientation-free characteristics 
leading to the high thermal stability are very desirable for the 
applications of this giant magnetostrictive material. 

Figure 5 shows the magnetostriction under the compres¬ 
sive stress of 0.8, 8.3, and 20.2 MPa as a function of the 
applied field for Tb 05 Dy 0 5 (Fe 09 Mn 01 ) 19 5 . Under the com¬ 
pressive stress of 0.8 MPa, A///(lll) is 1200 ppm at the 
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FIG. 4 Temperature dependence of \(111) at 1.7 T for Tb 0 ,Dy 07 FC| and 
Tbo s D yo 5 (Fe 0 9 ^n 0 1)1 95- 

room temperature [Fig. 5(a)]. When the compressive stress is 
increased to 8.3 MPa, A///<111> reaches to 2000 ppm even in 
the low-magnetic-field region. At 77 K [Fig. 5(b)], X(lll) 
becomes as large as 1700 ppm under the compressive stress 
of 0.8 MPa; however, the A///<111> versus the applied field 
curve changes little under the compressive stress of 8.3 MPa 
compared to that at the room temperature. Therefore, by 
choosing the appropriate compressive stress the very good 
thermal stability of the magnetostriction can be obtained in 
Tbo 5 Dyo. 5 (Fe 09 Mno.i)i 95 . The thermal stability as well as the 
large magnetostriction in the low applied field region makes 
Tb a 5 Dy 05 (Fe 09 Mn 0 ,) ,. 95 a promising candidate applicable to 
the various giant magnetostrictive actuators. 

In this connection, the hysteresis in the magnetostriction 
curve of TbojDy 0 . 5 (Feo 9 Mn 0 .,) 1 . 9 5 is a little larger than that 
of Tb 0 . 3 Dy 0 , 7 Fe 2 . 7 This is probably due to its higher Tb con¬ 
tent which increases the magnetocrystalline anisotropy. So, 
this feature should be taken into consideration when design¬ 
ing the actuators. 

IV. CONCLUSION 

Based on the data obtained from the single-crystal mea¬ 
surements, it is confirmed that the Mn substitution does not 
only lowers the spin-reorientation temperature but also en¬ 
hances X(100). This large \<100> is contradictory to the 
single-ion model. 

Tbo 5 Dyo 5 (Fe 09 Mnoi)i 95 compound has no spin- 
reorientation temperature in the temperature range from 77 
to 400 K. In addition, by choosing the appropriate compres¬ 
sive stress, the quite excellent thermal stability and the large 
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FIG. 5. Magnetostriction under the compressive stress of 0.8, 8.3. and 20.2 
MPa as a function of the applied field for TbosDyos(Feo 9 Mn 01 ) lw at (a) 
room temperature and (b) at 77 K. 

magnetostriction of 2000 ppm in the low applied field can be 
realized in the Tb os Dy 0 . 5 (Fe 09 Mn (U ) 1 . 95 compound. These 
features make Tb 05 Dy 0 S (Fe 09 Mn 0 . 1 ) 195 a promising material 
applicable to the various giant magnetostrictive actuators. 
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Stress effect on the magnetization of Dy in the Dy/DyFe 2 eutectic 

J. P. Teter, S. F. Cheng, and J. R. Cullen 

NSWC-White Oak, Silver Sring, Maryland 20903-5640 

The magnetization of the alloy DyFe, 5 was studied as a function of temperature from 50 to 300 K 
in a range of magnetic field up to 10 kOe. Metallographic studies showed the existence of a eutectic 
phase containing both DyFe 2 and elemental Dy embedded in the DyFe 2 matrix. The presence of 
elemental Dy was observed in the magnetization data through a cusp in the temperature dependence 
of the magnetization at 178 K and an increase of the magnetization starting at 130 K and continuing 
to 80 K. While the first feature occurs at precisely the Neel temperature of bulk Dy, the second 
contrasts with the jump at the Curie temperature of 89 K observed in low fields in bulk single-crystal 
Dy. The more gradual increase in magnetization observed in the DyFe, 5 alloy is attributed to 
variations in stress to which the Dy is subjected. The temperature dependence of the magnetic 
moment from 80 to 130 K is modeled as arising from a collection of Dy particles of varying Curie 
temperatures. This variation is in turn caused by the stress distribution. Curie temperature 
distributions aie found for a range of magnetic fields and then are extrapolated to zero field in order 
to eliminate the effect of field. The calculations indicate that a significant amount of the Dy remains 
in the helimagnetic phase down to zero temperature. 


I. BACKGROUND 

Dy metal, which forms in the hexagonal close-packed 
structure, undergoes a transition from a paramagnetic to a 
helical phase at a temperature T N -\19 K. Below T N , the 
magnetic moment spirals in the basal plane, with the propa¬ 
gation vector parallel to the c axis. The pitch angle of the 
spiral varies from 43.2° just below T N to 26.5° at the transi¬ 
tion temperature to ferromagnetism T c . T c is magnetic-field 
( H ) dependent; it is equal to 89 K in zero field and rises to 
T n at 10 kOe, completely erasing the helical phase at that 
field. At T c , the magnetic moment is observed to abruptly 
increase. The jump in moment depends on the value of T c ; it 
decreases from a maximum of 300 emu/g at 89 K to zero at 
T n T c has also been observed to be stress dependent. Com¬ 
pressive stress applied in the basal plane of a single crystal of 
Dy increased T c at a rate of 10 K/kbar. 2 In recent experi¬ 
ments on epitaxially grown Dy, 3 T c increased with basal- 
plane compression at the same rate as was observed in the 
earlier stress measurements. On the other hand, T c decreased 
more rapidly for Dy grown on increasingly expanded 
substrates, 4 so that the ferromagnetic state disappeared com¬ 
pletely when the lattice-mismatch strain exceeded 10~ 3 , 
equivalent to a tensile stress of the order of 0.1 kbar. 4 This 
sensitivity to stress should manifest itself in materials in 
which elemental Dy is present in a disordered manner such 
as polycrystalline samples or as part of a multiphase mate¬ 
rial. Here we report our results of magnetic studies of 
DyFe, 5 , an alloy consisting of Laves-phase DyFe 2 and a 
eutectic phase containing both DyFe 2 and elemental Dy. An 
optical picture of the grain-boundary area of a polished 
sample is shown in Fig, 1. The central region shows the 
admixture of Dy and DyFe 2 surrounded by large crystals of 
primary DyFe 2 with random orientations. We interpret the 
temperature dependence of our magnetic moment measure¬ 
ments in terms of a model in which the Dy is assumed to 
exist in the eutectic as a randomly oriented set of particles of 
varying shapes, thereby subjected to stress of random 
strength, orientation, and sign. Guided by the results of Ref. 


2-4, we expect that those particles which find themselves 
under a net basal-plane compression (or a c-axis tension) 
will display an enhanced T c , and visa versa; however, other 
types of stresses are present in DyFe, s and some of those 
will also change T c . The magnetic moment data of them¬ 
selves are not capable of distinguishing between the stress 
components; we extract only a probability per unit tempera¬ 
ture that a particle will undergo a transition from the heli¬ 
magnetic to the ferromagnetic phase at a given temperature. 
In the following, we briefly describe the experimental de¬ 
tails. We then discuss the model and apply it to determine the 
probability distributions at zero field. In order to accomplish 
this, we extrapolate the distributions obtained at fields of 3, 
2, 1, and 0.5 kOe to zero field. 

II. MAGNETIZATION MEASUREMENTS 

The magnetic moment of several disk-shaped samples 
with 0.5 cm diameter and 0.03 cm thickness cut from a rod 



FIG 1. Optical photograph of DyFe^. Surface was polished to j /rm The 
dark central region consists of elemental Dy intermixed with lighter colored 
DyFe, crystals. The outer region consists of the primary DyFe 2 phase with 
random crystallographic orientations. 
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FIG. 2. Magnetic moment per gram of DyFe 15 vs temperature from 50 to 
140 K or to 200 K. Each curve was taken at a constant applied magnetic 
field in the plane of the sample. Magnetic-field strengths were 10, 3, 2, 1, 
and 0.5 kOe (top to bottom). The arrows mark the onset of the helimagnetic 
phase at 10 and 1 kOe. The 1 kOe helimagnetic transition is at 178.5(± 1) K. 


of DyFej 5 was determined as a function of temperature T. 
The measurements were made as the samples were heated 
from 50 to 300 K. The moment was also measured as the 
temperature was held fixed at 50, 77, 256, and 300 K and H 
was swept between ± 10 kOe. All measurements were made 
with the field in the plane of the disk. Plots of magnetic 
moment per gram versus T for H= 0.5, 1, 2, 3, and 10 kOe 
are shown in Fig. 2. The onset of the Dy helimagnetic phase 
at T=T n is evident in all the data sets collected; shown are 
the 1 and 10 kOe plots in which it appears as a cusp at 178 K 
for H=l kOe, the Neel temperature of bulk Dy. We interpret 
the rise in moment at lower T, progressively sharper as H 
decreases, as the onset of ferromagnetic order in Dy in the 
eutectic. The decrease in moment at 0.5 kOe results from the 
increase in the anisotropy of DyFe 2 , which prevents its mo¬ 
ment from saturating at low fields. We have observed an 
orientation dependence of the magnetization of our samples 
with respect to the direction of H, indicating the presence of 
texture. The maximum difference in moment is roughly 10% 
of the average moment. We therefore regard this as a small 
deviation from isotropy, and neglect texture in what follows. 

III. DISCUSSION 

Taking the DyFe! 5 alloy as composed of elemental Dy 
and DyFe 2 , we estimate that the Dy phase comprises 16.5% 
of the sample weight. The T =OK saturation moment, using 
350 and 140 emu/g as the moment, respectively, of Dy and 
DyFe 2 , 5 is calculated to be 175 emu/g. To determine the 
theoretical remanent moment, we have assumed that the Dy 
moments all lie in the basal plane, while those of DyFe 2 all 
lie in (100) directions at remanence (see Table I). The value 
is then estimated to be 142.6 emu/g in comparison to 145 
emu/g experimentally determined by extrapolating the 10 
kOe curve of Fig. 2 to 0 K. The close agreement between 
these two values makes plausible the model of magnetically 
independent randomly oriented particles or crystallites of Dy 
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TABLE I. Remanent moments of polycrystals as a fraction of saturation 
moment. 


Easy axis 

Remanence 

Crystal structure 

[lOOf 

0.831 

cubic 

[111] 

0.866 

cubic 

a(b) 

0.750 

hexagonal 

c 

0.500 

hexagonal 

( a,b ) plane 1 

0.785 

hexagonal 


*The cases assumed for calculating the remanent moments. 


and DyFe 2 . We now attempt to understand the temperature 
dependence of the moment for temperatures below the Neel 
point as follows. The random orientation and position of the 
Dy crystals in the eutectic places them under a distribution of 
stress which raises T c for some, while reducing that of oth¬ 
ers. The probability that a given crystallite will undergo a 
spiral to ferromagnetic transition can be simply related to the 
temperature derivative of the moment. To do this, we imag¬ 
ine that, at a certain T and H a crystallite whose T c is greater 
than T will have achieved the bulk moment consistent with 
that T and H. Thus, the moment per gram is 

ct(T)=A<t\ TN dT c S(T-T c )f(T c ) + a h , (1) 

Jo 

where S(T-T C ) = 1, T-T c *z 0; S(r-r c )=0, T-T c >0; 
and f(T c )dT c is the probability of finding a Dy particle with 
that T c in the range dT c . A a is the jump in the single¬ 
crystal moment. Then, 



FIG. 3. Composite graph of the temperature derivative of the magnetic 
moment per gram of Dyre 15 at applied magnetic fields of 3, 2, 1, and 0.5 
kOe (top to bottom). The vertical scale is shifted for each set of data. The 
0.5 kOe curve was integrated from T =0 to 7=125 K The zero-derivative 
line in this case lies above the curve at low T, but decreases with increasing 
T, meeting the data at T =125 K Each curve starts at near zeio slope and 
minimizes at -0.7 magnetic moment/g/K The inset is a plot of the esti¬ 
mated temperature minimum for each case, vs applied field 
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IV. SUMMARY 


—A<r/(7% (2) 

where we drop possible contributions to the derivative from 
the temperature dependence of A a or a b , the background 
moment, the latter coming mainly from that of DyFe 2 . 

Plots of dcrldT taken from the moment measured on the 
disk at H= 0.5,1, 2, and 3 kOe are shown in Fig. 3. Accord¬ 
ing to Eq. (2), they are proportional to f(T), at the stated H. 
Ideally, to uncover the effects of stress alone on the Dy par¬ 
ticles we need to eliminate the field effect entirely, and have 
da/dT at H-0. Since the shapes of the curves in Fig. 3 do 
not change once H is <1 kOe, we take the 0.5 kOe curve as 
representative, except for an overall downward shift of 2 K, 
of f(T). Using the single-crystal value of Ao- times the 
weight percent of Dy in DyFej 5 (47.1 emu/g), and integrat¬ 
ing the 0.5 kOe curve of Fig. 3 from 80 to 125 K, we obtain 
0.25 as the probability of finding a particle with its T c in that 
range of T. Since it is unlikely to find particles with higher 
T c (r c =130 K would require a compressive stress of 4 
kbar) we conclude that 75% of the Dy particles have 7^ <80 
K. An estimate of the area under the same curve from 0 to 80 
K gives another 25% of the particles in this range of T. Thus 
the remaining 50% of the Dy particles are in the helimag- 
netic phase, at all T< T N . 


We have discussed the temperature dependence of the 
magnetic moment of DyFej 5 below the Neel point as mainly 
due to a collection of Dy particles in the eutectic subjected to 
stresses which vary from particle to particle. The effect of the 
distribution of the stress is to spread the ferro- to helimag- 
netic transition over a range of temperatures. Our analysis of 
the data in terms of the model described above leads us to 
conclude that a significant number of the particles remain 
helimagnetic down to zero temperature. This accords with 
the result of measurements on epitaxial Dy, that basal-plane 
extensions of the order of 10 -3 are sufficient to suppress the 
ferromagnetic phase. Such strains translate into stresses of 
0.1 kbar, which are likely to be present in the DyFe, 5 eutec¬ 
tic. 
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Direct measurements of magnetostrictive process in amorphous wires 
using a scanning tunneling microscope (abstract) 

J. L. Costa, J. Nogues, and K. V. Rao 

Department of Condensed Matter Physics, The Royal Institute of Technology, S-100 44 Stockholm, Sweden 

We demonstrate a new and versatile method to measure, on a nanometric scale directly, the 
magnetostrictive properties during the magnetization process to saturation, using a modified 
scanning tunneling microscope (STM). Both positive and negative magnetostrictive amorphous 
as-quenched wires have been studied. The studied samples are single pieces of amorphous wires 
typically 125 pm in diameter and 10-15 mm long. The magnetostriction data are then correlated 
with the longitudinal magnetization process, measured by a conventional induction technique and by 
SQUID magnetometry. The longitudinal magnetization process measurements have been performed 
in the same wires used in the STM studies. The field dependence of the magnetostriction helps to 
discern the operative magnetization process in the wires. In a 12-mm-long Co-based amorphous 
wire we observe a continuous rotation of the magnetization from zero field to saturation. The field 
dependence of the magnetization is a linear process reaching a value of about 5100 G at 8 Oe 
applied field. The magnetostrictive process for the same wire measured with a STM shows a 
continuous shrinking of the samples as a function of the applied field, reaching a value of -2 0 A 
for 8 Oe applied field. The obtained <W//| sat , -2.3X10 -6 , agrees well with reported values of the 
saturation magnetostriction constant for this wire. In a 15-mm-long Fe-based amorphous wire we 
observe a more complicated field dependence of both the magnetization and the magnetostriction 
processes from zero-field to saturation. The longitudinal magnetization saturates at about 14000 G 
for 60 Oe applied field. The magnetostrictive process for the same wire measured with STM shows 
an elongation onset at about 1 Oe, pointing unambiguously to a 180° domain wall movement as the 
operative magnetization process below this field value. The field dependence of the magnetostriction 
saturates at about +5000 A for 60 Oe applied field. The obtained <5///| sat , about +3.3XHr 5 , is 
again consistent with reported values of the saturation magnetostriction constant. Thus the STM 
approach to determine X, on an A length scale, gives us a distinct great advantage in studying the 
magnetization process towards saturation. 


7030 J. Appl. Phys. 76 (10), 15 November 1994 


0021-8979/94/76(10)/7030/1/$6.00 


© 1994 American Institute of Physics 



Tunable bistability from magnetostriction (abstract) 

A. S. Arrott and J.-G. Lee 

Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada 

When a current passes along the axis of a [100] iron whisker in the presence of a field along the 
same axis, the magnetization in a central domain points along the field direction while the 
mangetization in four domains surrounding the central domain circulates about the axis, see Fig. 1. 
The size of the central domain grows with applied field, which overcomes the effect of the field from 
the current and the magnetostriction that favor the collapse of the central domain to an irreducible 
core. Depending on the current, the growth of the central domain can be a continuous or 
discontinuous process. At certain fields the energy is a double-well function of the size of the central 
domain, which determines the magnetization. The size of the energy barrier can be made arbitrarily 
small by suitable choice of the current. It is the ability to adjust the size of the barrier in such a 
clearly defined system that makes this an attractive experimental approach to understanding the role 
of fluctuations in magnetization processes. This structure has been verified using measurements of 
ac susceptibility. 
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Influence of Stoner-type excitations on the formation of magnetization 
and magnetic order in disordered metal-metalloid alloys 

A. K. Arzhnikov, L. V. Dobysheva, and E. P. Yelsukov 

Physics-Technical Institute, Kirov str. 132, Izhevsk 426001, Russia 

The Rhodes-Wolfarth parameter and the ratio r 1/2 (*)/m(*) have been analyzed on the basis of 
experimental data for disordered alloys Fe-Al, Fe-Si, Fe-P (T c is the Curie temperature, m is the 
average magnetic moment, x is the concentration of non-magnetic impurity). The concentration 
dependences of these parameters show the possibility of considerable contribution of the Stoner 
excitations to the magnetic order formation. The analysis of the two-band Hubbard model shows 
that the Stoner excitations result in the turnover of the local magnetic moment at a certain 
temperature in the range of high concentration of nonmagnetic atoms. 


For a long time the disordered alloys of metal-metalloid 
type (Fe-Al, Fe-Si, and Fe-P) have been attracting the at¬ 
tention of scientists. This interest is mainly due to the fact 
that these alloys are a good model object for studying the 
fundamental regularities of magnetic properties formation in 
disordered systems. The method of mechanical alloying 
makes it possible to widen the concentration range of a dis¬ 
ordered state in these alloys. 1 " 5 Regularities of behavior of 
hyperfine field H, isomeric shift S, average magnetic mo¬ 
ment m, temperature of magnetic ordering T c obtained in 
these papers, 1 “ s combined with the data of other authors 6-8 
and see references in Ref. 5, give the complete picture of the 
above characteristics behavior in the whole concentration 
range of magnetic order existence. Besides, the possibility of 
comparing the experiments on specimens obtained by differ¬ 
ent techniques, in particular, in amorphous and crystalline 
disordered states, has appeared. One can draw the following 
conclusions for the data available. The concentration depen¬ 
dences of H, 8, m, and 7" c have the same qualitative pecu¬ 
liarities for all the above-mentioned alloys, that is, weak de¬ 
pendence on concentration x in the low concentration range 
(for A1—*<30%, Si—*<18%, P—*<12%) changes into a 
sharper dependence in the range of high concentration of 
metalloid, and the local magnetic moments decrease with 
increasing the number of nonmagnetic atoms in the nearest 
environment. 1-4 This indicates that the main principles of 
magnetic moment formation in these alloys are similar. It is 
our opinion that the quantitative differences of concentration 
dependences of the alloys are dictated by different numbers 
of p electrons of a metalloid atom (A1— n p —l, Si— n p = 2, 
P — n p = 3). While comparing the data for the amorphous and 
crystalline specimens, the conclusion can be made that the 
influence of topological disordering on the magnetic proper¬ 
ties is weak, as compared to that of the compositional one. 5 A 
variety of models, for instance, 5-8 based on the Jaccarino- 
Walker model, where the average magnetic moment is de¬ 
fined by m = l k P k m k , were proposed for the phenomeno¬ 
logical description of concentration dependences of H, 8, 


and in of these alloys. The modification of the Jaccarino- 
Walker model put forward by one of the authors 1-4 provides 
a most successful description. This modification includes the 
interpolation of the dependence of the Fe magnetic moment 
on the number of nonmagnetic atoms in the nearest environ¬ 
ment using the data available for ordered alloys, and the 
assumption that the probability of a configuration in the 
middle-concentration region x,<*<* 2 looks like 


6 

/»*(*)= 2 


n = 0 


6 

n 


(l-x rel ) 6 "*? ei 


8 + n 
k 


X 



8 + n-k 



where*„|=(*-* 1 )/(* 2 -*)),*] =25,15, 7 at. %,x 2 =55, 33, 
20 at. % for Fe-Al, Fe-Si, and Fe-P, respectively. 

The justification of the modified Jaccarino-Walker 
model can be found in detail in Ref. 5. It should be men¬ 
tioned that the Jaccarino-Walker models are conceptually 
closer to the localized models, whereas magnetism in Fe is 
the itinerant one. 6 This contradiction between the localized 
character of Jaccarino-Walker models and the itinerant mag¬ 
netism of Fe has been removed after we had analyzed the 
disordered Hubbard model. 10 In addition, this model for the 
disordered alloys on the basis of the two-band Hubbard 
Hamiltonian proposed in Ref. 10 allowed us to explain the 
main qualitative regularities of the formation of the magnetic 
moment and isomeric shift of the magnetic atom under dif¬ 
ferent impurities configurations in the ground state. 

When analyzing the theoretical results, we have noted 
that the magnetic moment of magnetic atoms with many 
nonmagnetic atoms in the environment decreased drastically 
in magnitude, and the energy distribution of the electrons 
became flat, due to a strong s-d hybridization. This shows 
the possibility of the great importance of Stoner excitations, 
even at low temperatures. In addition, we analyzed the ex¬ 
perimental data for Fe-Si 211 for the Rhodes-Wolfarth (RW) 
relation MJM S , where M s is the saturation magnetic mo- 
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ment per magnetic atom and M c is the effective moment per 
magnetic atom defined from the Curie constant, with the as¬ 
sumption of the existence of local moments (see Ref. 12, 
Chap. 7.1), and found that this parameter changes from 1.4 
to 1.8 on changing the nonmagnetic component concentra¬ 
tion from 0% to 28%. The large RW parameter testifies that 
the nature of the alloy magnetism becomes closer to “weak 
ferromagnetism” at high Si concentration (hereinafter this 
term means the magnetics with Stoner excitations 9 ). Unfor¬ 
tunately, it is, in many cases, impossible to obtain the con¬ 
centration dependence of the RW parameter because of tech¬ 
nical difficulties of measuring the high-temperature Curie 
constant. In a wider concentration region, the experimental 
data available allow us to analyze the parameter 
Tl l2 (x)/m(x) [T c is the Curie temperature, m(x) is the mag¬ 
netization at 7'=0]. As follows from our theoretical investi¬ 
gations of the Heisenberg model with nonmagnetic 
impurities, 13 such a parameter must decrease as the concen¬ 
tration tends to the percolation threshold. Contrastingly, this 
parameter in Fe-Al, Fe-Si, and Fe-P increases when the 
concentration of nonmagnetic impurities increases. As evi¬ 
denced by all the above experimental estimations, the Stoner 
excitations may play a significant role in the formation of 
magnetization in these alloys at high metalloid concentra¬ 
tion. 

Finally, on the basis of the two-band Hubbard model 
proposed in Ref. 10, we carried out a theoretical investiga¬ 
tion of the behavior of local magnetic moments under given 
configurations of the nearest environment, depending on the 
temperature. These calculations have been conducted in the 
middle-field approximation for the electron-electron interac¬ 
tion. A cluster of the predetermined configuration was placed 
in the effective medium calculated in the coherent potential 
approximation. The excitations of Stoner type were taken 
into account through the Fermi distribution, the self¬ 
consistence of the local magnetic moment being achieved at 
every temperature. As a result, we obtained the following. At 
low concentrations the influence of Stoner excitations be¬ 
comes noticeable only at temperatures of kT/W— 0.2-0.25 
(W is the width of the d band), which corresponds to the 
usual results for “strong” ferromagnets of the Fe type (see 
Ref. 9). At concentrations near the critical one, the situation 
radically alters, and the Stoner excitations result in essential 
changes of magnetization, even at kT/W-0.015. For in¬ 
stance, at concentrations of the order of 0.6, there exists only 
one solution in the ground state for the configuration with 
four nonmagnetic atoms in the nearest environment, with a 
magnetic moment being opposed to the total magnetization 


(see Ref. 10). Along with this solution, the second one with a 
positively directed magnetic moment appears at kT/W 
—0.01, the energy of it being higher than that of the first 
solution. At temperature kT/W=0.02 the energies of these 
two states become equal, and further, when temperature in¬ 
creases the second state becomes preferable in energy. So at 
these temperatures, the local magnetic moment has to change 
from negative to positive. That is, the Stoner excitations 
cause the increase of the average magnetic moment with an 
elevation of temperature. Such changes of the magnetic mo¬ 
ment due to the Stoner excitations can be an alternative to 
the explanation of the magnetization behavior by the excita¬ 
tions of a spin glass state. It is worth noting that although 
there is a latent antiferromagnetic ordering of the magnetic 
moments in our model, it is similar to Mattis’ glasses order¬ 
ing, and not to the spin glasses one. 

So, as experimental and theoretical works show, in the 
range of high concentrations of nonmagnetic impurities in 
the Fe-Si, Fe-Al, and Fe-P alloys, the band character of the 
magnetism must fully manifest itself in the temperature de¬ 
pendences, and description of these alloys on the basis of the 
localized models of Heisenberg and Ising seems to be unjus¬ 
tified. 
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Magnetic susceptibility studies in Gd 2 Cu0 4 below 300 K 
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Measurements of the _ ,x') part of the ac magnetic susceptibility have been performed on two 
polycrystalline Gd 2 Cu0 4 samples sintered at different temperatures, 850 °C and 1080 °C in the 
temperature range 10<T(K)<300. Two well-defined maxima have been observed in the 
temperature dependence of . One, located at about 20 K, that is frequency independent. The 
second is at about 280 K for the sample annealed at 1080 °C, and it is frequency independent. 
Instead, for the sample annealed at 850 °C the maximum appears at about 210 K, and it is frequency 
dependent. These results suggest the existence of magnetic domains, with their coherence lengths 
being a function of the thermal treatment. 


I. INTRODUCTION 

Rare earth cuprates R 2 Cu0 4 are characterized by the 
presence of long-range-order antiferromagnetism (AF) asso¬ 
ciated with the ordering of the magnetic moments of the 
Cu +2 ions. This AF ordering presents a three-dimensional/ 
two-dimensional (3D/2D) transition at a temperature ( T N ) 
between 250-280 K. The study of the magnetic properties of 
these compounds has initially led to their classification into 
two groups: 1 the first one with R=Pr, Nd, Sm, Eu, and the 
second with R=Gd and heavier rare earths. Both groups 
crystallize in the tetragonal T' structure, but, in the second 
group, a distortion of the oxygen in the Cu0 2 planes in a 
direction perpendicular to the Cu-O-Cu bond 2,3 leads to an 
antisymmetric superexchange interaction that generates a 
weak ferromagnetic behavior. 4,5 Whereas for the former 
group superconductivity (SC) is achieved with Th or Ce 
doping, 6 for the latter superconductivity has not been 
observed. 7 The exclusion of weak ferromagnetism (WF) and 
SC has been recognized by several authors. 1 

A subdivision in the second group, revealing differences 
between Gd 2 Cu0 4 and the R 2 Cu0 4 (R=Tb, Dy, Ho, Er, and 
Tm) obtained at high pressure 8 (PO) has been suggested. 9 A 
difference is encountered in the temperature dependence of 
the ac magnetic susceptibility, 9 where Gd 2 Cu0 4 presents a 
double peak structure in the real part of the susceptibility at 
low temperatures, from 1-20 K; while for the PO com¬ 
pounds only one peak, associated to the ordering of the R 
ions, appears in that range. The explanation of this difference 
has been sought in comparison between the R-R and R-Cu 
sublattice interactions. Differences have also been reported 
in the dynamic behavior of these compounds. 10 The mecha¬ 
nism leading to the observed dynamical behavior remains 
unclear, although spin-glass-like effects have been claimed. 10 


The aim of the present work is to perform a detailed 
study of the ac magnetic susceptibility of polycrystalline 
Gd 2 Cu0 4 in the temperature range 10<7'(K)<300. A com¬ 
parison with ac magnetic susceptibility measurements of 
other weak ferromagnets of the R 2 Cu0 4 series is also pre¬ 
sented. 

II. EXPERIMENTAL TECHNIQUES 

Gd 2 0 3 and CuO oxides were used as starting materials 
for the ceramic synthesis of Gd 2 Cu0 4 . Two methods were 
used to obtain the samples: (a) Stoichiometric amounts of the 
starting materials were milled for several hours and thermal 
treatments at 850 °C, with frequent intermediate millings 
were subsequently carried out. Around 400 h were required 
in order to obtain the pure Gd 2 Cu0 4 phase. We call this 
sample, sample I. (b) In the second method, the starting ma¬ 
terials were sintered at 950 °C for 12 h. The product was 
milled again and resintered at 1000 °C for 20 h. Finally, it 
was sintered at 1080 °C for 24 h and slow cooled. The 
sample thus obtained is called sample II. 

The structural characterization of the samples was per¬ 
formed by means of x-ray diffraction using a Philips PW- 
1710 diffractometer with Cu anode (Cu/C rtl radiation, 
\=1.540 60 A). The x-ray patterns showed a single phase 
with the same tetragonal structure for both samples. The ana¬ 
lytic characterization was derived using inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) with Ar 
plasma ICP (Perkin-Elmer 5000). The dc magnetic measure¬ 
ments were performed using a SQUID magnetometer (Quan¬ 
tum Design) in the 4<7'(K)<300 temperature range. The 
real and imaginary parts and x", of the external complex 
ac susceptibility were measured during warming from 
T= 13-300 K using a system with a concentric assembly 
consisting of a primary solenoid and two oppositely wound 


7034 J Appl. Phys 76 (10), 15 November 1994 


0021 -3979/94/76(10)/7034/3/$6 00 


© 1994 American Institute of Physics 





I 



FIG. 1. FC and ZFC dc magnetization of the Cid 2 Cu0 4 sample I vs tem¬ 
perature, measured with an applied field of // app i=400 A/m. The inset shows 
the dc magnetization for sample II. 

sensing coils connected in series. A phase-sensitive detector 
is used to measure the output voltage that is proportional to 
the sample susceptibility. High sensitivity is obtained by 
moving the sample between the two sensing coils with high 
precision. The calibration was performed using a Gd 2 (S0 4 ) 3 . 
8H 2 0 standard with the same shape and size as the investi¬ 
gated samples. Demagnetizing effects have been taken into 
account in the calculation of the internal susceptibility. For 
each run of measurements, the ac field was applied with a 
fixed amplitude of 7/ ac =300 A/m and fixed frequencies /, 
ranging from 5 to 1000 Hz. A dc field, H dc from 0 to 800 
A/m, was generated by applying a dc current to the primary 
coil. The temperature of the samples was controlled with an 
accuracy of about 0.1 K. 

III. EXPERIMENTAL RESULTS 

In Fig. 1, we display dc magnetization measurements for 
both Gd 2 Cu0 4 samples when they were (a) zero field cooled 
(ZFC) from 300 to 4 K (// coo) <80 A/m), and subsequently 
measured at increasing temperatures with an applied field, 
// ap pi=400 A/m; and (b) field cooled (FC), i.e., measured at 
an applied field while cooling down from 300 K at 
//col = tf a ppi = 400 A/m. The difference between the ZFC and 
FC curves indicates the onset of irreversibility for this field 
at a temperature 7', rf =210 K for sample I and ir m =280 K for 
sample II. 

In Fig. 2, we show the temperature dependence of \ at 
two different frequencies. We observe for both samples, two 
well-defined peaks. For sample I, one peak is centered at 
=210 K ( T m ) and the other at =20 K (T M2 ). The high 
temperature peak is frequency dependent (it shifts to a higher 
temperature with an increasing frequency, as shown in Fig. 
3). Instead, the low temperature peak is frequency indepen¬ 
dent. For sample II, the position and behavior of 1 M2 > s 
similar to sample I. But Tin is found at =280 K, and it is 
frequency independent. 

Figure 4 shows the temperature dependence of \ for 
sample I measured at the same ac field (W ac ) for different 
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FIG. 2. The real part of the ac susceptibility, x' of sample I, measured at 
frequencies of 10 and 1000 Hz in an ac magnetic field of // ac =300 A/m. The 
inset shows the curve for sample II in the high temperature range. 

superposed dc fields (// dc ). We observe that the amplitude of 
the 210 K maximum decreases with increasing field and dis¬ 
appears for a dc field of about // dc =800 A/m. The maximum 
onset temperature (=280 K) and the position of the maxi¬ 
mum remains constant. For the 20 K peak, the dependence 
on the dc field is much weaker. It shifts slightly toward lower 
temperatures and decreases in amplitude with increasing 
field. 

IV. DISCUSSION 

The existence of WF in the R 2 Cu0 4 series is accompa¬ 
nied by the presence of irreversibility effects. 10 ' ‘ Differences 
are observed in the irreversible behavior of Gd 2 Cu0 4 , de¬ 
pending on the thermal treatment. For the sample annealed at 
high temperature, sample II, the irreversibility appears at a 
temperature of the order of the AF 3D/2D ordering of the 
Cu +2 ions, 7^=270 K. Instead, for the sample annealed at a 
low temperature, sample I, T n , and the temperature of the 
maxima of the real and imaginary parts of the susceptibility 
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FIG. 3. Frequency dependence of the high temperature peak f m for 
sample I 
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FIG. 4. Temperature dependence of x' of sample I measured at the same ac 
magnetic field (// >c =300 A/m) for different superposed dc fields (H ic ). 


are located at r«*210 K, which is much lower than T N . 
Another difference is that for sample I the position of the 
high temperature \ maximum is frequency dependent. This 
dependence is not observed for sample II, as in the case of 
other weak ferromagnetic compounds treated at high 
temperature . 1 

The low temperature peak observed for both samples 
may be interpreted as due to a phase transition. Below this 
temperature, both the WF and the dynamic effects disappear, 
as seen in Fig. 5. This figure shows several isotherms of x' 
versus the frequency. As we decrease the temperature below 
20 K, the isotherms become frequency independent. The ori- 
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gin of this transition has been associated to the competition 
between the Gd-Gd and Gd-Cu interactions . 3 

To analyze the frequency dependence of the high tem¬ 
perature maximum, we have plotted the data in an Arrhenius 
law form (Fig. 3). In the examined temperature range the 
relationship is linear. We have found that the Arrhenius law, 
predicted for independent fine particles or isolated clusters 
does not describe the observed dynamic properties, as a non¬ 
physical value was obtained for the pre-exponential factor r 0 
(tq^IO -50 s). The observed fr quency dependence could be 
associated to the existence of different magnetic domains (or 
large clusters). The domain size should be related to the co¬ 
herence length of the oxygen distortion. This coherence 
length seems to be strongly dependent on the thermal treat¬ 
ment. 

Finally, we discuss the effect of the superposition of a dc 
field on the ac measurements. The broadening of the 210 K 
maximum, and the decrease of its amplitude with increasing 
H dc shows the effect of the field on the resulting WF and on 
the dynamical behavior of the magnetic domains. The small 
shift of the 20 K maximum to lower temperatures with the 
superposition of a dc field is consistent with the H-T phase 
diagram for Gd 2 Cu0 4 presented in Ref. 3. 
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Cluster model studies on the electronic and magnetic properties of LaCo 13 
and LafFexAl^x)^ alloys 

G. W. Zhang, X. G. Gong, 3 ' and Q. Q. Zheng, a),b) 

Institute of Solid State Physics, Academia Sinica, 230031 Hefei. People’s Republic of China 

J. G. Zhao 

Institute of Physics, Academia Sinica, 100080 Beijing, People’s Republic of China 

We present studies on both the electronic and magnetic properties of LaCo ]3 and LafFe^Alj _j 13 
intermetallic compounds by cluster model calculations within the scheme of density-functional 
theory. The equilibrium structures of the isolated and embedded clusters, obtained by minimizing 
the total binding energy, are in good agreement with available experimental data and other 
theoretical results. The relative stability and formation of LaCo 13 and La(Fe x Al, _J, 3 phases have 
been successfully explained. Interesting changes of magnetic properties in an A1 doped Fe 13 cluster 
have been obtained. The possible effect of A1 on the magnetic phase diagram of La(Fe x Al, _J 13 is 
discussed. 


The cubic NaZn 13 -type alloys have long been the subject 
of much research. Recently, the successful fabrication of 
LaCo 13 , La(Fe x Al!_ x ) 13 alloys have enriched this family and 
attracted much experimental and theoretical interest, 1 Their 
structuies are based on a faced-centered cubic lattice with the 
space group 0 A6 -F m3c and eight molecular formulas in the 
unit cell. La atoms (e.g., for LaCo 13 ) are at the body centered 
positions. There are two nonequivalent positions for Co at¬ 
oms. One of the important features of this structure is that 
CO| is surrounded by 12 Co n at the vertices of a regular 
icosahedron, and the La atom is at the center of a snub cube, 
with Co„ atoms at its 24 vertexes. It is well known that the 
icosahedra, 'uctures are very stable for many kinds of 13- 
atom cluste.s. The relative stability and electronic structure 
of the local icosahedral cluster may contribute to the forma¬ 
tion of the characteristic NaZn 13 -type structure. In experi¬ 
ments, it has been found that LaCo, 3 alloy is stable, while 
the LaFe 13 alloys is not stable, but it can be stabilized by 
suitable 0 f ping with A1 atoms. Many experiments show that 
LajFejAli-*)^ alloys are only stable with the x range be¬ 
tween 0.46 and 0.92. 2 Neutron diffraction experiments sug¬ 
gest that Fe and A1 atoms not be randomly distributed in the 
alloys, the Co ( sites be completely occupied by Fe, A1 atoms 
substitute Fe atoms in the Co a sites. 2 The doping of A1 in the 
icosahedral Fe 13 cluster changes both relative stability ai'd 
elecironic structures of the local unit structure, which conse¬ 
quently favor the formation of NaZn l3 -type alloys. The dop¬ 
ing of A1 also changes the magnetic properties o f La-Fe 
alloys. The measurement of susceptmility reveals that 
LajFe^A^-Ju alloys exhibit a unique magnetic diagram 
varying from the micromagnetic state to the ferromagnetic 
state and the antiferrc nugnetic state, with the increase of the 
Fe concentrations. Tne measurement of electrical resistivity 
and magnetization also suggest that local electronic and 
magnetic properties have played an important role in the 
properties of those alloys. 4 It is natural to ask why LaCo 13 
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alloys are stable, while LaFe 13 is only stable with some dop¬ 
ing of Al, and also why the variant doping changes the mag¬ 
netic and electronic properties? These problems are not been 
fully understood. In this paper, based on a cluster model, we 
have calculated the electronic structures and the total binding 
energies of LaCo 13 and LajFe^-Alj.^)^ alloys, trying to un¬ 
derstand the relative stability of these alloys from a local 
structure point of view, and identify the role played by Al 
atoms in the La(Fe*Al,_*) 13 alloys. We have used the icosa¬ 
hedral Co 13 , Fe l3 , and Fe, 2 Al clusters to study the local 
properties of LaCo J3 and LajFe^Al, _*) 13 alloys. To take into 
account the effects of the crystal field, we also have studied 
the clusters embedded in the crystal. The calculations are 
performed using the density functional theory with a local 
spin density approximation. 5 The discrete variational method 
has been used to solve the Kohn-Sham equation. 6 In our 
calculations, the basis sets are the numerical atomic valence 
orbitals of 3d4s for Fe and Co atoms, and 3s3p for the Al 
atom, we have found that when including the more diffusive 
orbitals in the basis set, there were very small effects on 
equilibrium atomic distances and electronic structures. The 
inner orbitals are kept frozen in all the calculations. Group 
theory has been adopted to classify the molecular orbitals 
and consequently simplify the calculations. The equilibrium 
structures of all the calculated clusters are obtained by 
minimizing the total binding energies for several center to 
vertex distances, keeping the corresponding symmetry. The 
binding energy is defined by E b =E X0X -E, tf , where £ t01 is the 
total energy of the cluster and E k1 is the sum of the total 
energies of individual atoms. We have used the Mulliken 
population to get the occupation numbers for atomic 
oibitals. 7 The magnetic moments for each atom are the dif¬ 
ference of electrons be* ween spin-up and spin-down states. 

In Table I, we have presented the calculated magnetic 
moments and the theoretical equilibrium distances from cen¬ 
ter to vertex for Co 13 , Fe ]3 , and Fe 12 Al clusters, but for the 
embedded clusters, we have used the experimental atomic 
distances in the corresponding bulk phases. From Table 1, we 
can see that the equilibrium distances of Co l3 and Fe 13 are 
almost the same, the small difference may come frem the 
difference of atomic sizes for Co and Fe atoms. Actually, the 
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TABLE I. Some properties of all the calculated clusters. fi c is the magnetic moments of Co, sites, p. is the 
average magnetic moments per the Fe or Co atom of a cluster. 




Isolated clusters 

Embedded clusters 

C0,3 

Fe 13 

Fe 12 Al 

C°13 

Fe, 3 

Fe, 2 Al 

d 0 (a.u.) 

4.65 

4.63 

4.73 

4.64 

4.57 

4.59 


2.38 

3.25 

2.97 

2.94 

3.85 

4.20 

M(Aa) 

2.38 

3.38 

2.99 

2.83 

3.83 

4.20 


atomic size effects on the lattice constants can also be ob¬ 
served in LaCo 13 and LaFe 13 alloys, the distance between 
Co, and Co,, in LaCo 13 is 4.64 a.u., similarly, the distance 
between Fe, and Fe ;/ in LaFe 13 extrapolated from experi¬ 
mental data 2 is 4.57 a.u. The fact that the theoretical equilib¬ 
rium distance for the icosahedral Co 13 and Fe 13 are very 
close to the experimental value in the LaM 13 (M=Co,Fe) 
bulk phases suggest that the local icosahedral cluster will not 
be affected very much by the crystal environments. When 
substituting Fe with Al, we found an increase of equilibrium 
distance, which is in agreement with the experimental fact 
that the lattice constant increases with the increase of Al 
concentrations. This phenomenon can be easily understood, 
because the Al atoms have more diffusive electronic orbitals 
and hence a large atomic size. In Fig. 1, we show the calcu¬ 
lated binding energies for all the clusters at the equilibrium 
center to vertex distance d 0 . We obtained about ~45 eV 
binding energy for the Fc 13 cluster, which is also in agree¬ 
ment with other theoretical calculations, 8 and the Co 13 has 
about ~30 eV binding energy. On doping Al in the Fei 3 , as 
shown in the figure, we found the binding energy of Fe 12 Al 
shifted up a little bit. We can expect that the binding energy 
will increase if the shifting Al atom outward deviated from a 
perfect icosahedron. In Fig. 2, we have plotted the eigen¬ 
value spectra for all the calculated clusters. In the Co 13 clus¬ 


ter, we obtained a fourfold degenerate G g molecular orbital 
for the highest occupied state (HOMO), but the HOMO is 
not completely occupied and there are three electron defi¬ 
ciencies, so, in principle, the isolated icosahedral Co 13 will 
not be stable, at least Jahn-Teller distortion will lower the 
total energy. But why are the LaCo 13 alloys with an icosahe¬ 
dral structural unit stable? This striking question can prob¬ 
ably be understood as following. It is well known that the La 
atom has a strong tendency to lose three valence electrons. If 
La atom support Co 13 with three electrons to fill the defi¬ 
ciency in HOMO, it makes the icosahedral Co 13 stable with a 
closed electron shell. The large ion core of La atoms fills the 
space among icosahedral Co 13 clusters. In this way, the 
icosahedral Co 13 can be considered as superatoms, the com¬ 
plicated LaCo 13 alloys can be composed of a superatom Co 13 
and La atom. In fact, the idea of superatom that had been 
used successfully to explain the stability of icosahedral 
quasicrystals 9 is also applicable to many other systems. We 
have checked other Zn based AB ]3 alloys, we found the same 
explanation can be used. In the similar way, we can under¬ 
stand the stability of LaFe 13 alloys. In the Fe 13 cluster, we 
obtain a five-fold degenerate H g molecular orbital for the 
HOMO, but with only one electron in this orbital, and there 
is four-electron deficiency. So even though the La atom of¬ 
fers three electrons, the HOMO still cannot be completely 
filled like in Co 13 , which means that the Fe 13 cluster in 



FIG. 1. The binding energy curves vs radial bond distance for Co l3 , Fe 12 Al, 
and Fe,,Al 2 clusters. 
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LaFe 13 alloy cannot be stable. All these results are consistent 
with experimental facts. 1,2 To see the influence of substitut¬ 
ing Fe by A1 on the stability and properties of 
La(Fe x Al 1 _J 13 alloys, we have studied the Fe 12 Al and 
Fe n Al 2 clusters, which represent the alloys at the different 
region of a magnetic phase diagram. The experiments have 
already found that the A1 atom did not occupy the center of 
the icosahedron, 3 so we chose Fe 12 Al, with D s symmetry. 
From the eigenspectrum in Fig. 2, we can see the HOMO is 
two-fold degenerate, with only one electron in it, the two¬ 
fold degenerate lowest unoccupied molecular orbital 
(LUMO) is also very close to the HOMO, three electrons 
provided by the La atom can fill the one electron deficiency 
in HOMO and also fill the two-fold degenerate LUMO; con¬ 
sequently, the Fe 12 Al has a closed electron shell and becomes 
stable, which might be the reason why the experiment found 
the Fe 12 Al alloys stable. In a similar way, we can expect that 
the Fe n Al 2 would be stable in the La(Fe x Al,_ t ) 13 alloys. 

In Table I, we have presented the magnetic moment for 
all calculated clusters, we have obtained the Co atom with 
2.38/j. b magnetic moments, which is in good agreement with 
other theoretical and experimental results. 10,11 We have also 
obtained a large average magnetic moment (3.38/x n ) for the 
free icosahedral Fe )3 clusters, and observed the magnetic 
moments for the atom at the center of the icosahedron are 
parallel to the magnetic moments for the atoms at the ver¬ 
texes, which suggest that the ground state of the Fe, 3 cluster 
be ferromagnetic, in agreement with other theoretical 
calculations. 12 When doping with Al, we find the cluster ex¬ 
pands and the magnetic moments decrease. This occurrence 
of decrease of the magnetic moments can be attributed to 
that more and more iron atoms will lose their magnetic mo¬ 
ments when Fe concentration decreases. This is confirmed by 
our studies on the FeuAL clusters with D 5( , symmetry; we 
have found the magnetic moments for Fe atoms in Fe u Al 2 
are even smaller than that in Fe, 2 Al cluster. Hence, based on 
the results of the present cluster model calculations, it can be 
expected to get Pauli paramagnetism when decreasing the 


iron concentration and consequently decreasing the magnetic 
interaction, which is in agreement with the complicated ex¬ 
perimental magnetic phase diagram of La(Fe x Al, _j, 3 al¬ 
loys. In all the embedded clusters, we find a very similar 
eigenvalue spectra to the isolated clusters discussed above, 
so the same idea can be applied to stability of the embedded 
clusters, which have included the influence of the crystal 
field generated by 824 atoms. But we observed a small in¬ 
crease of magnetic moments with respect to the isolated clus¬ 
ters. 

In summary, the electronic and magnetic properties of 
the four NaZn 13 -type compounds, LaCo 13 , LaFe 13 , 
LaFe 12 Al, and LaFe],Al 2 have been studied by modeling 
those alloys by cluster on the basis of density functional 
theory. We found the relative stability as well as electronic 
structure of NaZni 3 -type alloys can be explained according 
to its local icosahedral structural units. The main role of Al is 
to modify local electronic structure; this may facilitate the 
formation of the stable NaZn 13 -type structure for the La-Fe 
alloys. In addition, the change of local magnetic properties 
with the change of Al concentrations bears resemblance to 
that of the alloys. 
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By means of neutron powder diffraction, we find that UCoGa crystallizes in the hexagonal ZrNiAl 
structure and orders ferromagnetically at low temperatures with magnetic moments stacked along 
the c axis. The magnetic-ordering temperature is reflected in anomalies in the temperature 
dependencies of the electrical resistivity and the specific heat at T c =47 K. Furthermore, the strong 
anisotropy in the electrical resistivity for i|]c and ilc indicates a significant contribution of the 
magnetic anisotropy to the electrical resistivity. 


I. INTRODUCTION 

UCoGa belongs to the large group of UTX compounds 
(Ftransition metal, X =p-elec' ' r netal), and is reported to 
crystallize in the hexagonal Zr icture. 1 Previous bulk 

magnetic investigations 2-4 rev^.vu a magnetic order at 
about 47 K, but the results were inconclusive regarding 
whether the ground state is ferro- or antiferromagnetic. 4 The 
purpose of the present contribution is to determine the struc¬ 
tural parameters and to clarify the type of ground state, as 
well as to investigate the bulk transport and thermal proper¬ 
ties of single-crystalline UCoGa. 

II. EXPERIMENTAL 

For the present investigations, we have used two kinds 
of samples: polycrystalline material and a small single crys¬ 
tal. The polycrystal, which has been used in the neutron- 
diffraction experiments, was prepared by arc-melting appro¬ 
priate amounts of the constituting elements with a purity of 
at least 99.99%. The small single crystal is the same as was 
used in a previous investigation. 4 Neither the polycrystal nor 
the single crystal have been annealed. 

For neutron-diffraction experiments, the polycrystal was 
ground and enclosed with helium gas in a sealed vanadium 
tube, which was mounted on the cold finger of a closed-cycle 
refrigerator. This setup was installed in the High Intensity 
Powder Diffractometer (HIPD) at the Los Alamos spallation 
pulsed neutron source LANSCE. Data have been taken on 
six detector banks (20= ±40, ±90, ±153) at 60, 35, and 
10 K. The diffraction patterns were analyzed using the Ri- 
etveld refinement program GSAS. 5 The magnetic intensities 
were also analyzed by extracting integrated intensities for 
individual peaks and fitting to models for the magnetic struc¬ 
ture. 

The temperature dependence of the electrical resistivity 
was measured between 4.2 and 300 K, with the standard 


''Also at the Department of Physics, New Mexico State University, Las 
Cruces, New Mexico 88003. 


four-point ac method on two small bar-shaped single crystals 
of typical size 0.5 X 0.5X2 mm 3 , where the largest distance 
coincides with the c axis for the first sample and is perpen¬ 
dicular to the c axis for the second one. The large error in the 
determination of the geometrical factor makes a reliable es¬ 
timate of the absolute resistivity values impossible. 

At 4.2 K, the field dependence of the electrical resistivity 
in magnetic fields up to 35 T has been measured in the Am¬ 
sterdam High-Field Installation, with an i||B||c axis. 

The temperature dependence of the specific heat has 
been measured between 4.2 and 100 K, making use of both 
standard adiabatic and the relaxation-time method. 

III. CRYSTAL AND MAGNETIC STRUCTURE 

UCoGa crystallizes in the hexagonal ZrNiAl structure 
(space group: P62m). The structural parameters of UCoGa 
have been derived by neutron powder diffraction at 60 K, 
and the results of the refinement are listed in Table I. The 
absence of any unindexed reflection in the parent phase sug¬ 
gests that there is no impurity in the present sample. How¬ 
ever, the reduced )C drops by 5% when a slightly lower 
atomic fraction of Co and slightly higher fraction of Ga (of 
the order of 1% in both cases) are assumed. This result indi¬ 
cates a small deviation from the exact 1:1:1 stoichiometry. 
For UCoGa, the nearest interuranium distance is found 


TABLE I. Refined structural parameters for UCoGa at 60 K. 


Space group: 

P62m 



U 

3g 

X 

0 

I 

x =0 580 018±0.000 026 

Co, 

2c 

3 

3 

6 


Co 2 

1 b 

0 

0 

2 


Ga 

3/ 

X 

0 

0 

x =0.239 151 ±0 000 034 

Lattice parameters 



R factors 

r. =666.456 

±0.010 pm 



K P 

=3.00% 

c=392.653 

±0.006 pm 



R P = 

2 13% 






reduced ^=3.53 
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FIG. 1. The Shubmkov magnetic subgroup of P62m. In (a), the uranium 
moments are perpendicular to the mirror planes, while in (b) and (c), the 
moments arc parallel to the mirror planes. Note that, in the models (a) and 
(b), the moments are located within the hexagonal basal plane, while in (c) 
they are ferromagnetically coupled along the c axis. For clarity, only ura¬ 
nium atoms are shown. The dashed lines with arrows indicate the nearest 
uranium-uranium links. 


within the hexagona l basal plane (s ee Fig. 1), and is deter¬ 
mined by d v _ v =a V(3x 2 -3x +1), where a is the lattice 
parameter and x is the U position parameter. 

In order to clarify the magnetic structure, we have per¬ 
formed neutron-diffraction experiments at 35 and 10 K, well 
below the magnetic ordering temperature indicated by bulk 
magnetization results. 2-4 We do not observe any additional 
purely magnetic reflections at these temperatures, but an ad¬ 
ditional magnetic contribution to the nuclear reflections is 
found. This indicates that the magnetic unit cell is the same 
as the nuclear one, but antiferromagnetism is still possible in 
this structure. Possible magnetic structures have been de¬ 
rived using magnetic space-group analysis. U atoms in the 
unit cell lie in the mirror planes at x=0, y = 0, and x=y 
(note that x and y are at an angle of 120°). The moment 
corresponding to U in a certain mirror plane must be perpen¬ 
dicular or parallel to that mirror plane. The Shubnikov mag¬ 
netic subgroups of P62m are shown in Fig. 1. Clearly, there 
are two antiferromagnetic noncollinear structures with mo¬ 
ments in the basal plane, and only one ferromagnetic (collin- 
ear) model with U moments along the c direction. The fact 
that we do not observe any 00/ magnetic contribution does 
not mean that the magnetic structure must be ferromagnetic, 
since the two noncollinear models also have no 00/ magnetic 
contributions. This is easily understood, since the net mo¬ 
ments in the 00/ basal plane are zero for both noncollinear 
structures. 

The integrated intensities have been corrected for the 
Lorentz factoi 6 and for absorption. We find a significant 
magnetic contribution to the 110 reflection, which excludes 
structure 2 (b), as this gives no intensity to this reflection. 
This is easily understood, since the net moments in the hhO 
plane are perpendicular to that plane, which, in turn, gives 
zero magnetic contribution through the expression of sin 77 , 
where 77 is the angle between the magnetic moment and the 
reciprocal lattice vector (in this case, 77 = 0 ). On the other 
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FIG. 2. Temperature dependence of the electrical resistivity of UCoGa for 
the t||c axis and ilc axis normalized to the values at 300 K. In the inset, the 
low temperature detail for the i||c axis is shown in the representation p/p }00 K 
vs T 2 . 

hand, both structures, 2(a) and 2(c), are possible and the 
lower reduced ^ of the ±90 detector banks suggests struc¬ 
ture 2(c), the ferromagnetic one, to be more likely. However, 
the difference is only marginal, and, in fact, if the results 
obtained on the ±40 and ±153 detector banks are included 
into the refinement, structure 2(a) is slightly more likely. 
However, due to inconsistencies in the magnetic appearance 
in the + and - detector banks, which are less pronounced in 
the ±90 banks, we believe structure 2(c) to be the correct 
one, which is corroborated by the magnetization results. For 
the ferromagnetic structure 2(c), we deduce U magnetic mo¬ 
ments of 0.74±0.03 /z b per atom, which is in good agreement 
with the value of 0.78/%/f.u. obtained from the high-field 
magnetization. 4 Note that the Co moment is zero to within an 
experimental error of a ±0.1/i fl /atom. Also note that model 
2(a) yields much larger U magnetic moments of about 
1.04±0.04/z fi per atom. 

IV. TRANSPORT AND THERMAL PROPERTIES 

The onset of magnetic ordering at 7' c =47 K is reflected 
by a maximum in the temperature derivative of the electrical 
resistivity at this temperature (see Fig. 2) for both the /||c 
axis and ilc axis. However, while for the /||c axis an appre¬ 
ciable reduction of the electrical resistivity with decreasing 
temperature is found, we observe an almost flat resistivity 
behavior for the i± c axis. The observed strong anisotropy in 
the resistivity correlates well with the magnetic anisotropy 
found in bulk magnetization measurements. At 300 K, very 
rough estimates of resistivities yield values around 150 
fx Ocm for the z||c axis, while twice as large values for the 
ilc axis are found. Below 40 K, the electrical resistivity 
follow a quadratic temperature dependence for both orienta¬ 
tions, which is shown for the z||c axis in the inset of Fig. 2. 
For UCoGa, wc may roughly estimate the prefactors A to be 
about 0.216 and 0.138 /zficm/K 2 for the z||c axis and ilc 
axis, respectively. 

For this compound, we find at 4.2 K (Fig. 3) for the 
z||fl||e axis an increase of the electrical resistivity with an 
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FIG 3. Field dependence of the electrical resistivity of UCoGa at 4.2 K in 
the configuration i||B||c axis. 


increasing magnetic field, which is in contrast to the large 
reduction of the electrical resistivity in the isostructural an¬ 
tiferromagnetic UTX compounds upon the application of 
sufficiently high magnetic fields. 7 The different behavior of 
UCoGa may be taken as a further support for a ferromagnetic 
ground state of this compound. At the highest fields applied, 
we observe a slight saturation tendency. In general, UCoGa 
reflects a more “normal” and expected magnetoresistance 
behavior, however, the total increase of the resistivity (about 
27% in 35 T) is surprisingly iarge. 

As can be seen in Fig. 4, the magnetic ordering of 
UCoGa is reflected in the specific heat by a maximum at 
7V=47 K. After substraction of a phonon contribution deter¬ 
mined by a Debye function with 0 D = 195 K, the magnetic 
entropy connected with ordering is considerably lower than 



FIG. 4. Tcipperature dependence of the specific heat of UCoGa 


R In 9 or R In 10, expected for the localized f 2 or f configu¬ 
ration, respectively. 

By linear extrapolation of C p /T vs T 2 to T= 0 K, we 
derived the coefficient y of the electronic contribution to the 
specific heat, to be about 48 mJ/mol K 2 . 

V. CONCLUSIONS 

UCoGa, which crystallizes in the hexagonal ZrNiAl 
structure, orders ferromagnetically below T c = 47 K with or¬ 
dered 5/ moments of about 0.74% stacked along the c axis. 
The rather low value of the ordered moments, which 
amounts to only half the values found in isostructural UNiX 
compounds , 9 confirms the expected trends arising from 
5 f-d hybridization , 10 and points to a larger delocalization of 
the 5/ electrons in UCoGa. For UCoGa, a significant anisot¬ 
ropy in the temperature dependence of the electrical resistiv¬ 
ity has been found. Strongly anisotropic transport properties 
have also been detected in other UTX compounds , 11 which 
suggests that they are caused by the general anisotropy due 
to the crystal structure and the Fermi-surface anisotropy. 
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The effect of Mn on the magnetic properties of YFe 2 
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The fully self-consistent discrete variational method within the local-spin-density framework has 
been employed to obtain the electronic structure and magnetic moments of the Mn-containing cubic 
Laves phase pseudobinary compound of YFe 2 . The calculated results show that the substitution of 
Mn atoms on Fe sites weakens the ferromagnetism of this compound. The magnetic moments on 
distinct atomic sites were derived from the calculation. We found that when the Fe atom has one Mn 
atom in its nearest neighbor sites, its magnetic moment decreases rapidly, while the Mn moment is 
0.71/%, parallel to the Fe moment. Based upon our results, the various experimental data have been 
satisfactorily explained. 


I. INTRODUCTION 

The cubic Laves phase pseudobinary compound 
Y(Fe l ^ t Mn J ) 2 is a puzzling system. Quite a few attempts 
have been made to establish its magnetic properties, 1-7 As an 
antiferromagnet YMn 2 with Mn magnetic moment 2.7/% , 8 
the ferromagnet YFe 2 can form complete solid solutions with 
it, while sustaining the cubic Laves phase structure. 9 Magne¬ 
tization measurements 4 and Mossbauer data 7 show the con¬ 
sistent result that Y(Fe)_ x Mn x ) 2 keeps ferromagnetic until 
the breakdown of the magnetic order in x=0.7. As to the 
magnetic moments of Fe and Mn atoms in this pseudobinary, 
however, contrary results have been reported. Schaafsma 
et al 1 suggested from Mossbauei experiments that Mn ap¬ 
pear to carry either less than 0.1/% or no magnetic moment 
at all; from the NMR spectra of 89 Y, Nagai et al. 5 ' 6 made 
conclusions that Fe moments are hardly changed, and there 
are two kinds of Mn moments: one is antiparallel to the Fe 
moments with about 0.6/% and the other is parallel to the Fe 
moments with about 2.8/%; While Besnus era/. 4 showed 
from magnetization, diffuse neutron scattering, Mossbauer 
measurements, and NMR studies that Mn atoms possess 
magnetic moments, which are ferromagnetically coupled 
with Fe moments, and that the mean Fe moments decrease 
strongly with increasing Mn concentration, while the Mn 
moments appear to be less concentration dependent. 

From the theoretical point of view, the problem of the 
pseudobinary compound Y(FC[_ A MnJ 2 has been put aside 
yet by theorists, due to its much more complex magnetic 
behavior. In this paper we present calculations of charge, 
spin, and density of states (DOS) for the Mn-containing 
pseudobinary compound of YL using the well-developed 
discrete variational method within the local-spin-density 
framework. For transition metals and intermetallic com¬ 
pounds. it is now well recognized that the local magnetic 
properties and electronic structures are mostly determined by 
the nature of atoms involved and the local environments of 
these atoms. So, several embedded clusters are chosen to 
simulate the local environments of atoms in the Mn- 
substituted YFe 2 compound, and spin-polarized calculations 
on these clusters are performed to study the magnetic behav¬ 
ior of the Mn-containing pseudobinary compound of YFe 2 . 


The computational procedure has been documented in detail 
elsewhere. 10 

II. RESULTS AND DISCUSSION 

The cubic Laves phase compound YFe 2 has the cubic 
MgCu 2 C15 structure. There are eight YFe 2 formula units per 
simple cubic cell in this structure. The larger Y atoms occupy 
a cubic diamond lattice. Regular tetrahedra built of four 
smaller Fe atoms are centered at the fourfold-coordinated 
interstitial sites of the diamond structure. So the 26-atom 
cluster of Fe 4 Y 4 Fe 12 Y 6 , which consists of two distinct pairs 
of Fe and Y atoms, is chosen to represent the host compound 
YFe 2 . While the cluster Mn 4 Y 4 Fe l2 Y 6 , with each Fe atom 
having one Mn atom in its nearest neighbor sites, is adopted 
to represent the pseudobinary compound Y(Fej _ x Mn r ) 2 with 
low Mn concentration. 

The DOS of the cluster Mn 4 Y 4 Fe )2 Y 6 , with a solid line, 
is depicted in Fig. 1. For comparison, we show the DOS of 
the host cluster Fe 4 Y 4 Fe 12 Y 6 with a dashed line also in Fig. 
1 , which closely resembles the -esult obtained by the stan¬ 
dard TBA method. 11 From these two curves, one can find that 
there is not a large change for the shape of the DOS when the 
Mn substitute at the Fe site of YFe 2 , however, the positions 
of the peaks are changed. For majority-spin states, the main 
peaks below the Fermi level move to the direction of high 
energy, and meanwhile the peaks foi minority-spin states 
move to low energy direction; thus the exchange splitting 
decreases with Mn diluting the Fe sublaltice. As is well 
known, the origin of magnetism can be attributed to intra- 
atomic and interatomic exchange interactions, and the Cutie 
temperature is proportional to the exchange splitting, so the 
reduction of the exchange splitting gives rise to the decrease 
of the Curie temperature. Both the magnetization measure¬ 
ment and Mossbauer data show that the Curie temperature 
decreases almost linear ly with the Mn content in the pseudo¬ 
binary compound Y(Fe l _ x Mij Jt ) 2> 4,7 which is consistent with 
the above conclusion deduced from the electronic structure. 

Table i lists the magnetic moments and electron otcupa 
tion numbers of all atomic sites in the clusters Fc 4 Y 4 Fe 12 Y 6 
and Mn 4 Y 4 Fe l2 Y Cl For comparison, let us first examine the 
result of the host cluster Fe 4 Y 4 Fe 12 Y 6 . It is noted that the 
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FIG. 1. Total density of states for the clusters Mn 4 Y 4 Fe t2 Y 6 with a solid line 
and Fe 4 Y 4 Fe 12 Y 6 with a dashed line. The spin-up and spin-down bands are 
normalized to the same scale for each cluster. 


magnetic moments of Fe atoms are large and coupled ferro- 
magnetically with small negative moments for Y atoms, 
which is consistent with the conclusion of the band 
calculation. 12 

By analyzing the result of the cluster Fe 4 Y 4 Fe 12 Y 6 in 
Table I, one can see that the moments for both Fe and Y 
atoms tend to increase outwardly from inner sites due to the 
surface effect, which results from that the truncation of the 
cluster does not allow sufficient delocalization of the wave 
function in the solid to take place on the cluster surface. The 
surface effect is unavoidable for the present cluster calcula¬ 
tion method, however, the atoms toward the central sites for 
a large cluster can reproduce the properties of the bulk 
solid. 13 In the present case, the calculated magnetic moment 
for the inner Fe atoms is 1.65%, which is in fairly good 


TABLE I Electron occupation numbers and local magnetic moments in the 
different atomic sites of the clusters Fe 4 Y 4 Fe 12 Y 6 and Mn 4 Y 4 Fe 12 Y 6 


Cluster 

Fe 

4 Y 4 Fe 12 Y 6 

Mn 4 Y 4 Fe,,Y 6 

Charge 

Spin (p B ) 

Charge 

Spin (p B ) 

M(l) 3d 

6.27 

1.84 

5.26 

0.85 

4s + 4p 

1.90 

-0.19 

1.88 

-0.14 

Net charge/spin 

-0.17 

1.65 

-0.14 

0.71 

Y(I) 4 d 

1.56 

-0.42 

1.51 

-0.32 

5s + 5p 

1.12 

-0.16 

1.21 

-0.13 

Net charge/spin 

0.32 

-0.58 

0.28 

-0.45 

Fe(II) 3d 

6.14 

3.46 

6.17 

2.92 

4s + 4p 

2.12 

0.34 

2.06 

0.17 

Net charge/spin 

-0.26 

3.80 

-0 23 

3.09 

Y(I1) 4d 

1.4.2 

-0.51 

1.39 

-0.36 

5s + 5p 

1.13 

0.12 

1.21 

-0 10 

Net charge/spin 

0.45 

-0.63 

0.40 

-0.46 
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agreement with the value of the band calculation, 12 while the 
moment of the inner Y atoms is -0.58/1%, a bit larger than 
the band calculated result, -0.45%, this difference is also 
attributed to the surface effect. It has been confirmed by 
many calculations that the cluster model tends to the same 
limit as band-structure methods when the cluster size in¬ 
creases, however, computation is too expensive for the larger 
cluster. For most physical properties, it has been observed 
that the three- to four-atom-shell cluster is sufficient. 14-16 
For the magnetic moment, one can focus on trends instead of 
the absolute value. 

The atoms of Y in the compound YFe 2 were assumed to 
be nonmagnetic before the spin-polarized calculations of its 
band structures. The cluster and band theory calculations on 
YFe 2 both show that the Y atoms are spin polarized with a 
small negative moment, which can be attributed to the hy¬ 
bridization between Fe 3 d and Y 4 d states. According to the 
band-structure calculations, the main part of the 4 d bands for 

Y are just above the Fermi level, 17 while most of the states 
just above the Fermi level for Fe are the 3 d minority-spin 
states. So the 4 d states of Y mainly hybridize with the 
minority-spin 3 d states of its neighbor Fe, which results in 
the minority-spin dominating for the occupied Ad bands of Y, 
and hence a negative moment develops on the Y atoms. 

Now, we study the effect of Mn on the magnetic moment 
of the pseudobinary compound Y(Fe, _ x MnJ 2 . From Table I, 
it is noted that the moments of Mn and Fe atoms both are 
positive for the cluster Mn 4 Y 4 Fe 12 Y 6 , which shows that Mn 
moments are coupled ferromagnetically with Fe moments in 
the pseudobinary compound Y(Fe,_ J Mn^) 2 with a low con¬ 
centration of Mn. Furthermore, one can see that the magnetic 
moment of Mn is 0.71% and the Fe moment, 3.09%, much 
less than that of the corresponding Fe atom in the host clus¬ 
ter, 3.80%. The calculated Mn magnetic moment is in ex¬ 
cellent agreement with the measurement results by polarized 
neutron scattering and NMR studies for the pseudobinary 
compound with low Mn content, 4 while the Fe moment de¬ 
creases rapidly with Mn substitution for Fe atoms, which is 
also in accord with the experimental results. 4 In addition, the 

Y magnetic moment also decreases. The Mn magnetic mo¬ 
ment deduced by Nagai et al , 5,6 is opposite to our calculated 
result, which may result from their oversimplified assump¬ 
tions that T atoms in the pseudobinary compound have no 
magnetic moment and that the hyperfine field at 89 Y is 
strictly proportional to the magnetic moments of nearest 
neighbor atoms. 

111. CONCLUSIONS 

We have performed first-principles self-consistent-field 
calculations on several embedded clusters representing the 
Mn-containing cubic Laves phase pseudobinary compound 
of YFe 2 . Our calculated results for the first time provide an 
insight into its complex magnetic properties. The following 
is a summary of our results. 

(1) In the compound YFe 2 , the magnetic moments of Fe 
atoms order ferromagnetically and cause small antiparallel 
moments at Y sites. Substitutions of Mn atoms on Fe sites 
reduce the exchange splitting of this compound, and hence 
weaken its ferromagnetism. 

Cai et a/. 





(2) When the Fe atom has one Mn atom in its nearest 
neighbor sites, its magnetic moment decreases rapidly, owing 
to the strong hybridizations between the minority-spin 3 d 
bands of Fe and Mn, while the Mn moment is 0.71 /l b , par¬ 
allel to the Fe moments, which is in fairly good agreement 
with the neutron-scattering data and NMR studies. 
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Effects of A! substitution in Nd 2 Fe 17 studied by first-principles calculations 
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We have studied the effect of A1 substitution in Nd 2 Fe 17 compound by means of first-principles 
calculations. We first obtain the site-decomposed potentials for Fe from self-consistent calculation 
on Y 2 Fe 17 and the atomiclike potentials in the crystalline environment for A1 and Nd. Calculations 
are carried out for a single A1 substituting one Fe at four different Fe sites (6c), (9 d), (18/ ), and 
(18/i), two A1 substituting two Fe (18/t), and four A1 substituting three Fe (18/r) and one Fe 
(18/ ). Our results show that the A1 moment is oppositely polarized to Fe. The average moment per 
Fe atom actually increases for A1 substituting Fe (18/i) and Fe (18/) is about the same for A1 
substituting Fe (6c), and is drastically reduced when replacing Fe (9d). Experimentally, A1 is 
shown to be excluded from the (9 d) sites because of the small Wigner-Seitz volume. When two Fe 
atoms are replaced by two A1 atoms, the total moment is only slightly less than when only one Fe 
atom is replaced, and the M s per Fe site actually increases, in agreement with the Mossbauer data. 

These results are analyzed in terms of the local atomic geometry and the charge transfer effect from 
the neighboring Fe to Al. 


Recently, there has been a renewed interest in studying 
the substitutional effects in the R 2 Fe !7 intermetallic com¬ 
pounds (R represents a rare-earth element). The R 2 Fe 17 com¬ 
pounds in the rhombohedral Th 2 Zn 17 structure have high 
magnetic moments and arc easy to process. However, none 
of the binary compounds exhibit uniaxial anisotropy at room 
temperature. The Curie temperature T c is usually low, se¬ 
verely limiting their use as permanent magnets. Researchers 
soon discovered that interstitial doping by nitrogen and car¬ 
bon can raise T c substantially 1-4 and significantly modify 
the magnetocrystalline anisotropy of the R 2 Fe 17 compounds. 

In the search for better and cheaper permanent magnets, 
elemental substitutions have also been explored in addition 
to interstitial doping, since it may also lead to an increase in 
Fe-Fe separation. The effects of elemental substitutions on 
the magnetic properties of R 2 Fe 17 compounds had been stud¬ 
ied in the past. 5 ’ 8 More recently, Weitzer, Hiebl, and Rogl 
studied the magnetic behavior of Al and Ga substitution in 
R 2 Fe 17 compounds. 9 Yelon et al. carried out the neutron dif¬ 
fraction and Mossbauer effect studies of several 
Nd 2 Fe 17 _,A! V samples with x ranging from 0. to 9.4. 10 Li 
et al. studied the structural and magnetic properties of the 
combined effect of A! substitution and N doping." These 
experiments demonstrate »hat Al has a preference to occupy 
the Fe (18/i) sites when x is small and is excluded from the 
Fe (9 d) sites at all concentrations. 10 The saturation moment 
and the T c have a strong dependence on the Al concentra¬ 
tion. Clearly, it is of fundamental interest to carry out theo¬ 
retical calculations on the electronic structure and magnetic 
properties of the substituted compounds, and to trace the 
quantum mechanical origin of the improved magnetic prop¬ 
erties. 

In this report, we present the results of calculations on 
the electronic structure, local magnetic moment, charge, and 
spin density distribution for Nd 2 Fe 17 .._ ( Al I (x-0,1,2,4). To 
our knowledge, there is not yet any theoretical calculation on 
the substitutional compounds of R 2 Fe 17 . For jt = l, replace¬ 
ment of Fe by Al at each of the four Fe sites is studied even 
though the probability of Al occupation at certain Fe sites is 


almost zero. For x=2, we replace two Fe (18/i) in the unit 
cell and for x=4, we replace three Fe (18/i) and one Fe 
(18/). These proposed substitutional configurations are 
based on the neutron scattering data 10 which suggest Fe 
(18/i) to be the most likely site for Al substitution, followed 
by the Fe (18/ ) site, and the occupation of the (18/i) site 
tends to saturate at about half of the fraction. The lattice 
constants used in the calculation are from different 
sources, 10 ' 12 ' 13 and are listed in Table I. For simplicity, the 
experimental value foi x has been rounded to the nearest 
integer. The calculated results are then correlated to the 
available experimental data. 

We briefly outline the procedures of our calculation. We 
use the first-principles orthogonalized linear combination of 
the atomic orbitals method in tue local spin density approxi¬ 
mation (LSDA). 14 The computational details of this method 
have been described sufficiently elsewhere. 11 ' Since Nd con¬ 
tains localized 4/ electrons for which the LSDA may not be 
a suitable theory, we start our calculation with Y 2 Fe 17 and 
Y 2 Fe 17 _ v Al v but with the same lattice constants as for the 
corresponding Nd 2 Fe 17 . f Al, systems. We next obtain the 
site-decomposed Fe and Al potentials from these self- 
consistent calculations. Together with an atomiclike potential 
for Nd that has been used in the Nd 2 Fe 17 B calculation, 16 we 
perform a series of spin-polarized calculations on 
Nd 2 Fe 17 _,Al,. Interactions of the Nd-4/ orbitals with the 
neighboring atoms are taken into account with three of the 
Nd-4/ electrons fixed in the spin-up configuration. 16 Secular 
equations are solved for both spin cases at 11 special k points 
in the irreducible portion of the Brilluion zone to obtain the 
energy eigenvalues and wave functions Spin-orbit couplings 
are neglected. Local spin magnetic moments are obtained 
from the wave functions and the overlap integrals using the 
Mulliken scheme. 17 In principle, for solid solutions of the 
type Nd 2 Fe !7 ^ t Al^, a superccll calculation with sufficient 
statistical average over various possible configurations will 
be most desirable. However, such calculations will need a 
prohibitively large amount of computational time. For that 
reason, we limit our calculations to the original rhombohe- 
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TABLE I. Calculated site-decomposed spin moments (fi B ) in Nd 2 Fe 17 _ i Al,. An asterisk indicates the site is a nearest neighbor to the A1 atom. 



X=0 


X=l 



X=2 

X=4 

Latt. Cont. 








a (A) 

8.5782 (Ref. 12) 


8.612 (Refs. 10,12) 


8.6569 (Ref. 10) 

8.6882 (Ref. 13) 

c (A) 

12.464 


12.511 



12.5782 

12.6589 

Atom site 


(18A) 

(18/) 

(6c) 

(94) 

2(18A) 

3(18A),(18/) 

1 Nd (c) 

-0.43 

-0.35 

-0.41 

-0.45 

-0.50 

-0.28 

-0.16 

2 Nd (c) 


-0.41 

-0.41 

-0.45 

-0.50 

-0.33 

-0.29 

3 Fe (c) 

2.00 

2 21* 

2.04* 

1.83* 

1.70* 

2.38* 

2.52* 

4 Fe (c) 


1.85 

2.04* 


1.71* 

1.75 

1.62* 

Al 




-0.32 




5 Fe (d) 

1.55 

1.71* 

1.59* 

1.56* 

1.56 

170* 

1.85* 

6 Fe ( d) 


1.55 

1.66* 

1.60* 

1.57 

1.82* 

2.01* 

7 Fe (d) 


1.69* 

1.55 

1.55* 


1.84* 

1.79* 

Al 





-0.16 



8 Fe {f) 

1.94 

1.78 

1.96* 

1.93* 

1.54* 

2.06* 

2.24* 

9 Fe (/) 


2.16* 

2.01* 

1.95* 

1.54* 

2.42* 

2.37* 

10 Fe (/) 


2.09* 

1.93 

1 94* 

1.59 

2.01* 

2 23* 

11 Fe (/) 


2.06* 

1.89 

1.92* 

1.53* 

2.30* 

221* 

12 Fe (/) 


2 15* 

1.91 

1.94* 

1.54* 

2.05* 

2.24* 

13 Fe (/) 


1.79 


1.95* 

1.58 

2.00* 


Al 



-0 24 




-0.22 

14 Fe (A) 

1.89 

2.02* 

1.91* 

1.86* 

1.66 

2.23* 

2.22* 

15 Fe (A) 


2.02* 

1.82 

1.79* 

1.72* 

1.94* 

2.14* 

16 Fe (A) 


1.90 

2.07* 

2.05* 

1.75* 

2.20* 

2.47* 

17 Fe (A) 


1.71 

1 92* 

1.82 

1.65 

1.66 


18 Fe (A) 


1.71 

1.86* 

1.81 

1.71* 

... 


19 Fe (A) 



2.03 

2.04 

1.75* 



Al 


-0.27 




-0.28 

-0.26 







-0.25 

-0.26 








-0 23 

Total 

30.79 

29.36 

28 72 

28.32 

24 95 

29 18 

26 49 

(excluding Nd 4/) 








Average 

1.86 

1.90 

1.89 

1.85 

1.50 

2.02 

2.04 

Fe M s 









dral cell containing two Nd atoms and 17 Fe atoms with 
some of them substituted by A1 as specified above. Lattice 
relaxation at the substituted sites is not considered, and all 
calculations are for a single configuration. Even with these 
limitations, we believe our results are meaningful for com¬ 
paring the effect of substitution at different Fe sites and with 
different A1 concentrations. 

Table I lists the calculated magnetic moments at the two 
Nd and the 17 Fe (Al) sites for Nd 2 Fe 17 _ jt Al i . Forx=0, the 
moments on the Fe sites of the same symmetry type are the 
same. With Al substitution, the symmetry is lowered and the 
moments at all sites are different. To better understand these 
results, we put an asterisk on the moment number to indicate 
that this particular site is a nearest neighbor (NN) to a sub¬ 
stituted Al atom. Oppositely polarized moments are listed as 
negative numbers. The main results of Table I can be sum¬ 
marized as follows. (1) The moments on the Nd and Al are 
oppositely polarized. (2) For a single Al substitution, the 
average Fe moments are 1.90, 1.89, 1.65, and 1.50 fi B for Al 
at the (18/r), (18/ ), (6c), and (9 d) site, respectively. For 
x=0, the calculated average Fe moment is 1.86 fi B . The 
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average Fe moment becomes particularly low when the 
Fe(9 d) is substituted by Al. Neutron diffraction data show 
the (9 d) site is excluded from Al occupation. (3) For those 
sites which are NN to a substituted Al (with the exception of 
the Al at the 9 d site), the moments tend to increase rela¬ 
tively, showing the influence of the Al on the neighboring Fe 
atoms. Effective charge calculation based on the Mullikcn 
scheme 17 shows an average charge transfer of the order of 
1.8 electrons from the Fe sites to the Al. (4) Although the 
total moment decreases as x increases, the average moment 
per Fe atom actually increases with x. Yelon et al. 10 found an 
increase in the occupation fraction at the (6c), (18/), and 
(18/i) sites with an increase in x up to *=9.4. The fractional 
occupation for Fe (18h) saturates at *=4. On the other 
hand, the hyperfine field from the Mossbauer spectra reaches 
a maximum at *=2, and then decreases with increase in x. 

The microscopic origin as to why the Fe moment is in¬ 
creased or decreased depending on the specific site of Al 
substitution is more difficult to pin down. It will require ex¬ 
tensive analysis of local local geometry and interatomic dis¬ 
tances in relation to the electronic structure. The extended 
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FIG. 1. Calculated charge density (left-hand panel) and spin density (right- 
hand panel) for Nd 2 Fc 17 (upper panel) and Nd 2 Fc„/di (lower panel). The 
contour lines arc: 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30, 
0 40, 0.50 for charge density, and plus or minus of 0.001, 0.002, 0.003, 
0 004, 0.006, 0 008, 0.01, 0.015, 0.020, 0.030, 0.040, 0 050 for the spin 
density. Negative numbers are indicated by dashed contours. 

nature of the Al-3s and Al-3p wave functions make it diffi¬ 
cult to explain these rather complicated results based on 
simple arguments. 

To further understand the calculated data in Table I and 
the role of A1 atoms, we plot in Fig. 1, the charge and spin 
densities for Nd 2 Fe 17 and Nd 2 Fe 16 Al! with A1 at the (18/i) 
site. The plane of Fig. 1 is perpendicular to the c axis which 
contains the Fe (18/t) atoms with the Fe (9 d) atoms also 
very close to it and no Nd atoms. It is obvious that A1 sub¬ 
stitution breaks the local symmetry in the charge and spin 
distribution. The nonspherical and the negatively polarized 
spin density at the A1 site are quite obvious. Similar distri¬ 
bution maps on other planes containing other Fe and A1 sites 
are available but not shown. For A1 substituting Fe (9 d), 
charge- and spin-density maps reveal a much stronger inter¬ 
action of A1 with the nearby Fe atoms. This clearly indicates 
that the 9 d site is small, hence unfavorable for A1 occupa¬ 
tion, in agreement with the conclusion of Ref. 10. 

Figure 2 shows the total density of states (DOS) for 
Nd 2 Fe 17 _ x AI x for*=0, 1, 2, and 4. Thex=l result is for A1 
substituting one Fe (18/i). The Fermi energy is set at 0. The 
sharp peak near E F for the majority spin band and at 2.5 eV 
for the minority spin band are from the Nd-4/ states. The 
height of the Nd-4/ peaks decreases as the A1 concentration 
increases. The width of the occupied band is about 7 eV in 
all cases, but the total areas below E F decrease because of 
reduced electron number as a: increases. Partial DOS (not 
shown) indicates that Al-3p states are in the -4.5 to -4.7 
eV range, and the split states near -9.5 eV originate from 
Al-3s. For x=4, Fig. 2(d) shows the splitting of the Nd-4/ 
peaks and additional Ai-3s states emerge at -8.5 eV. This 
simply reflects the fact that for x=4, A1 replaces Fe atoms at 
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FIG. 2 Calculated total DOS for (a) Nd 2 Fe 17 ; (b) Nd 2 Fc 16 Al,; (c) 
Nd,Fc 15 Al 2 , (d) Nd 2 Fe u Al 4 . Positive values correspond to the majority spin 
band and negative values corresponds to the minority spin band. 

two different sites, (18 h) and (18/). The first-principles 
nature of the calculation accurately reflects the complicated 
interatomic interactions. 
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Magnetic and crystallographic order in ^manganese 

A. C. Lawson, Allen C. Larson, M. C. Aronson, a) S. Johnson, b) Z. Fisk, P. C. Canfield, c) 

J. D. Thompson, and R. B. Von Dreele 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

We have made time-of-flight neutron diffraction measurements on a-manganese metal. Powder 
diffraction measurements were made at 14 temperatures between 15 and 305 K, and single crystal 
measurements were made at 15 and 300 K. We found that the crystal structure of a-Mn is tetragonal 
below its Neel point of 100 K, with crystal symmetry I42m and magnetic (Shubnikov) symmetry 
P/42jC. In agreement with the earlier results of Yamada et al., there are six independent magnetic 
atoms, and we found that their moments are weakly temperature dependent. The onset of magnetic 
order causes slight changes in the atomic positions and in the average atomic elastic constant. 


I. INTRODUCTION 

a-manganese has a surprisingly complex cubic crystal 
structure with 58 atoms per body-centered cell. 1 The com¬ 
plexity is surprising, because most elements have simple 
structures. In the case of Mn, the complexity is thought to 
arise from an instability of the 3 d electron shell that gives 
rise to the formation of “self-intermetallic” compounds. In 
other words, elemental Mn is actually an intermetallic com¬ 
pound between Mn atoms in different electronic configura¬ 
tions. This possibility was first pointed out by Bradley and 
Thewlis. 1 

a-Mn becomes antiferromagnetic at 95 K. Given the 
crystal structure, the magnetic structure is necessarily com¬ 
plex. The structure was solved by Yamada et al., 2 who used 
single crystal neutron diffraction data and first principles 
magnetostructural analysis of heroic proportions. 2-4 We 
wished to examine the magnetic ordering in more detail bv 
obtaining structural data at a large number of temperatures. 
The multitemperature requirement dictated the use of powder 
neutron diffraction. However, we found that information 
from single crystal data was essential to the complete solu¬ 
tion of the problem. 

II. EXPERIMENTAL METHOD 

a-Mn was prepared by heating Johnson-Matthey grade 1 
electrolytic Mn in a turbomolecular pumped system in the 
/3-phase region until outgassing was complete and then cool¬ 
ing slowly through the a~(i transition. The material was 
cooled from 900 °C to 755 °C over 5 h, from 755 °C to 
655 °C over 200 h, and finally furnace cooled to room tem¬ 
perature. Powder was prepared by grinding the resulting ma¬ 
terial. Small single crystals were cut from an arc-melted in¬ 
got that was prepared from this material and annealed for a 
long time below the a-/3 transition. Neutron powder diffrac¬ 
tion data were taken on an a-Mn sample at 14 temperatures 
between 15 and 305 K. We used the high intensity powder 
diffractometer (H1PD) and the Manuel Lujan, Jr. Neutron 
Scattering Center (LANSCE) at the Los Alamos National 
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Laboratory. 5 We also obtained single crystal diffraction data 
at 15 and 300 K on the single crystal diffractometer (SCD) at 
LANSCE. Powder data were analyzed by Rietveld analysis 
using the general structure analysis system (GSAS). 6 This 
refinement package allows for the refinement of magnetic 
reflections arising from structures that can be described by 
Shubnikov groups. Powder data from six detector bands 
were corefined in the analysis. Allowance was made for 
0.90% (vol) of MnO that was present in the powder and for 
some weak aluminum lines from the cryostat. Single crystal 
data were also refined using GSAS. In this case, magnetic 
multidomain effects were treated as a twinning problem. 

III. RESULTS AND DISCUSSION 

Since there was no evidence for an incommensurate 
structure, our approach to the analysis of our data was guided 
by the use of Shubnikov groups. 7,8 These are magnetic space 
groups that are supergroups of the ordinary crystallographic 
space groups, with certain symmetry elements replaced by 
“anti’’-elements. The antielements are the ordinary transla¬ 
tions, mirror planes, etc., familiar from crystallography, ex¬ 
cept that the spatial symmetry operator is augmented by a 
time-reversal operator that reverses the microscopic current 



FIG. 1 Lattice constants vs temperature for a-Mn. The error bars are 
smaller than the plotted points. 
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TABLE I. Atomic coordinates for a-Mn at 305 K. 
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FIG. 2. Magnetic moments vs temperature for a-Mn. 


driving the magnetic moment of the atom to which it is ap¬ 
plied. In this way, 1651 magnetic space groups can be ob¬ 
tained from the original 230 ordinary space groups. Only 
commensurate magnetic structures are described by the 
Shubnikov groups. 

The space group of a-Mn is /43m. The neutron diffrac¬ 
tion data indicate a body-anti-centered lattice, so that the 
Shubnikov group P,43m, or one of its subgroups, is indi¬ 
cated. The cubic and rhombohedral subgroups did not work, 
and we found that the best fit was obtained with the tetrag¬ 
onal Shubnikov group P,42'm'=P/42c, which is a subgroup 
of the tetragonal space group 142m. This is equivalent to the 
magnetic model of Yamada et al. 2 The meaning of the sym¬ 
bol P,42'm' is the same as the ordinary space group symbol 
142m, except that (1) the ordinary body-centering operator is 
replaced by an operator that flips the spin (reverses the cur¬ 
rent) as the body centering is applied; (2) the mirror planes 
are replaced by operators that reverse the current as a mag¬ 
netic atom is reflected; and (3) the twofold axes are replaced 
by operators that flip the spin (reverse the current) as the 
dyad operation is applied to a magnetic atom. (The distinc¬ 
tion between spin flipping and reversing the current is impor¬ 
tant only for improper symmetry operators, such as mirror 
planes.) 
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In addition to the group P,42'm', we also tried fits with 
Pj42m, P,4'2m ', and P,4 2'm. (Of these four, only the first 
does not exclude a magnetic moment on site I by symmetry.) 
The models with P,42m and P,4'2m' can be excluded by 
the single crystal data, which clearly show the presence of 
(300), (500), etc. magnetic reflections, in a /eement with Ya¬ 
mada et al. 2 This is indicative of the presence of the two-fold 
antiaxis 2'. These reflections are not directly observable in 
the powder data because of overlapping allowed reflections, 
so that powder data cannot distinguish between 2 and 2'. 

The quality of the powder fits for P ; 42'm' and P,~4'2m' 
is very similar, so that single crystal data was essential for 
making this distinction. However, the use of powder data is 
the only practical way of making observations at a large 
number of temperatures in a reasonable amount of time. The 
combination of both types of experiment was necessary in 
this case. 

Since the magnetic structure of a-Mn is tetragonal, a 
tetragonal nuclear (or chemical) structure is implied. This 
structure was found by Rietveld refinement. The space group 
is 142m, and there are six unique atoms in the tetragonal unit 
cell. Above the Neel point, the structure is cubic with four 
unique atoms in the cell. There are 58 atoms per unit cell in 
each case. 

Figure 1 shows the lattice constants of a-Mn plotted 
versus temperature. We emphasize that no tetragonal split¬ 
ting of the diffraction lines was observed directly; rather, the 
metric tetragonality was found by testing the powder data 
with Rietveld refinement. Simultaneous refinements of the 
strain broadening were well behaved, and sensible atomic 
positions were found, so we have some confidence in this 
result. The average of the tetragonal lattice constants agree 
with previous diffraction measurements for which the low- 
temperature structure was taken to be cubic. 9,10 

The magnetic moments are plotted veisus temperature in 
Fig. 2. These were obtained from the powder refinements 
using the form factors for the 3d 5 4s~ state of neutral Mn 
determined by Freeman and Watson. 11 Thus, we did not al¬ 
low for a variation of the form factor among the atoms, as 


TABLE It. Atomic coordinates and magnetic moments (^t B ) for a-Mn at 15 K. 
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FIG. 3. Positional parameters for a-Mn. The error bars arc smaller than the 
plotted points. 



Temperature (K) 


FIG. 4. Average mean square thermal displacement, (u 2 ), vs temperature for 
a-Mn. The lines through the points are fits to a simple Debye-Waller for¬ 
mula. The fitted Debyc-Waller temperatures are different above and below 
the Neel temperature. 


did Yamada et al. 2 The moments we found are somewhat 
different from theirs, but the significant qualitative feature of 
groups of large and small moments is retained. The large 
moments on atoms I and II are somewhat temperature depen¬ 
dent, and the smaller moments on the remaining atoms are 
not. 

The atomic positions also show the effects of magnetic 
ordering. Below the Neel temperature, the original four crys¬ 
tallographic sites of the cubic structure (Table I) split into the 
six sites of the tetragonal structure (Table II). The atomic 
positions obtained from the powder refinements are plotted 
versus temperature in Fig. 3. A diagram of the magnetic 
structure is given in the compilation by Wijn. 12 The Carte¬ 
sian components of the magnetic moments at 15 K are given 
in Table II. 

Magnetic ordering in a-Mn causes a stiffening of the 
lattice. Figure 4 shows the average mean-square thermal dis¬ 
placement, (u 2 ), plotted versus temperature. The ( u 2 ) is ob¬ 
tained from the Debye-Waller factors from the Rietveld 
analysis of the powder data; it is averaged over atomic sites 
and direction. 13,14 We have made separate fits above and be¬ 
low th. Neel temperature to the ( u 2 ) versus temperature data 
with a s iple Debye model. The increase in © DW observed 
at the Neel point (from 438 to 536 K) is quite large. 
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Magnetic field dependence of T c of EuB 6 (abstract) 

A. Lacerda and T. Graf 
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We report measurements of resistivity and transverse magnetoresistance ( B1I ) on a single 
crystalline sample of EuB 6 in magnetic fields to 18 T in a temperature range from 4 to 100 K. The 
ferromagnetic transition (T c ) determined by resistivity versus temperature at constant field varies 
from 10 to 25 K at zero and 4 T, respectively. The transition is completely suppressed at 8 T. A very 
large and negative tranverse magnetoresistance is observed in the entire temperature range 
investigated: -5% at 4 K and -20% at 100 K at 18 T. Finally, the effect of high applied magnetic 
field on the transport properties is investigated in the temperature range below T c . 
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Two- and three-dimensional calculation ot remanence enhancement 
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Micromagnetic calculations using a finite element technique rigorously describe the magnetic 
properties of novel, isotropic rare-earth-based composite magnets. Numerical results obtained for a 
composite material of Nd 2 Fe 14 B, SmCo 5 or Sm 2 (Fe 0 8 Co 0 2 )i 7 N 2 .8 and a-Fe particles show that 
remanence, coercivity, and coercive squareness sensitively depend on microstructural features. 
Interparticle exchange interactions ennance the remanence by about 60% with respect to 
noninteracting particles for a mean-grain size approaching the exchange length of the soft magnetic 
phase and a significant percentage of a-Fe. On the other hand, exchange interactions between the 
phases suppress the •.-ucleation of reversed domains and thus preserve a high coercive field. 
Therefore, optimally s> /uctured, isotropic composite magnets show remarkably high energy 
products exceeding 400 kj/m 3 . 


I. INTRODUCTION mine the maximum energy product, (BH) miX . Within the 

framework of the Stoner-Wohlfarth theory, 8 which assumes 
Composite materials of magnetically hard and soft par- noninteracting single domain particles, the remanent mag- 
ticles are excellent candidates for high performance perma- netic polarization is given by 
nent magnets. In composite permanent magnets soft mag¬ 
netic grains cause a high magnetization and hard magnetic J r =J s (cos ■&), (1) 

grains induce a large coercivity provided that the particles 

are small and strongly exchange coupled. Owing to rema- where it is the angle between the saturation direction and the 

nence enhancement, nanostructured, composite magnets are easy axes and ( ) denotes an ensemble average. According to 

expected to improve the maximum energy product of perma- (1) J r IJ s is 0.5 for an assembly of noninteracting and ran- 

nent magnets dramatically. 1 Coehoom, Mooij, and Waard 2 domly oriented particles, whereas J r /J s is 2/7r=0.637 for 

found a considerably increased remanence in melt-spun Nd- microstructures with in-plane random texture. 

Fe-B magnets of nominal composition containing a substan- A theoretical treatment of remanence enhancement must 

tial fraction of soft magnetic Fe 3 B grains. Recently, Ding, take into account interactions of the grains. Using a one- 

McCormick, and Street 3 reported a maximum energy product dimensional micromagnetic model, Kneller and Hawig 9 esti- 

of more than (BH ) max =200 kJ/m 3 in mechanically alloyed, mated the optimum microstructure of composite magnets to 

isotropic Sm 7 Fe 93 -nitride powders where exchange interac- consist of hard grains embedded in a magnetically soft ma- 

tions between a soft magnetic a-Fe and a hard magnetic trix with the lateral dimensions of both phases about equal to 

Sm 2 Fe )7 N A . phase cause a significant enhancement of the re- the domain wall width of the hard magnetic phase, 

manence. A similar behavior was found in composite mag- Gronefeld 10 numerically calculated the remanence of corn- 

nets of Nd 2 Fei 4 B and a-Fe produced by rapid posite magnets, solving Poisson’s equation for the magneti- 

solidification. 4,5 The maximum possible energy product is an zation distribution on a lattice of magnetically hard and soft 

intrinsic quantity (BH) * ax = J 2 /(4/^), 6 depending only on the moments. The results show that almost all the magnetic mo- 

spontaneous magnetic polarization J s . In order to reach this ments of the soft magnetic phase become aligned parallel to 

theoretical maximum, it is required that the magnet main- the saturation direction, which corresponds to the average 

tains saturated until the opposing field reaches the value direction of the easy axes of the neighboring hard magnetic 

-(l/2)(J r s //u < )). 7 In real magnets the remanent polarization J r grains. Nieber et al. n and Skomski et al. 1 explicitly derived 

rather than the spontaneous magnetic polarization will deter- the magnetic properties of multilayers being composed of 
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magnetically soft and hard layers. This article gives a quan¬ 
titative treatment of the correlation between the microstruc¬ 
ture and the magnetic properties of isotropic, rare-earth 
based composite magnets. In order to describe magnetization 
p-zcesses of realistic microstructures, the classical Stoner- 
Wohlfarth theory 8 has been extended to nonellipsoidal and 
interacting particles using a finite element technique. 

Section II of this article introduces the micromagnetic 
concepts and the computational methods of the simulation 
model. Section III describes the two- and three-dimensional 
grain structures used for the calculations. Section IV presents 
the basic magnetic properties of nanocrystalline, composite 
magnets. Section V compares the demagnetization curves 
obtained for composite materials of Nd 2 Fe 14 B, SmCo 5 , 
Sm 2 (Fe 08 ,Co 0 2 )i 7 N 2 .8 and a-Fe particles. 

II. MICROMAGNETIC AND COMPUTATIONAL 
BACKGROUND 

Minimizing the total magnetic Gibb’s free energy with 
respect to the magnetic polarization J s , subject to the con¬ 
straint that |J 5 | is constant, yields a stable equilibrium state of 
a magnetic structure. If one neglects magnetoelastic and sur¬ 
face anisotropy effects, the magnetic Gibb’s free energy <f>, of 
a ferromagnetic specimen in an applied magnetic field is the 
sum of the exchange energy, the magnetocrystalline anisot¬ 
ropy energy, the stray field energy, and the magnetostatic 
energy of the J s in an external field H ext . 12 For uniaxial 
magnetic materials, where the direction of J t may be de¬ 
scribed by the angle a between J ? and the easy axis, <f>, is 
given by 13 

<£,= J {A[(V$) 2 +(V<p) 2 sin 2 + sin 2 a 

+ K 2 sin 4 a-iJ s -H d -J s -H ext }d 3 r, (2) 

where K t , K 2 are the anisotropy constants, and A is the 
exchange constant. Using the * : ! v. angle <f> and the azimuth 
angle d to represent J 5 , automatic 2 'ly fulfills the nonlinear 
constraint, |J s |=Jj, during minimization. All energy terms 
but the stray field energy, ^ -H d d 3 r, depend only 

locally on the magnetic polarization J x . The demagnetizing 
field Hj follows from magnetic volume charges, V J s , 
within the grains and magnetic surface charges, J s • n (n de¬ 
notes the surface normal) at the grain boundaries. Owing to 
these long-range contributions of J s to H (i , the direct evalu¬ 
ation of the total magnetic Gibb’s free energy requires both 
large memory and long computation time. Introducing a 
magnetic vector potential to treat the demagnetizing field 
eliminates long-range interactions from the total Gibb’s free 
energy. 1415 Brown 16 showed that the stray field energy 4> s 
due to J 5 (r) can be approximated by an upper bound, given 
by 

0,«HU,A]* ~ I (VXA-J s ) 2 d 3 r, (3) 

where A is an arbitrary continuous vector whose derivatives 
are also continuous everywhere. The functional W if mini¬ 
mized with respect to A, makes A equal to the magnetic 
vector potential VxA=/a 0 H (/ +J J . W itself reduces to the 



FIG. 1. Grains at the surface and in the interior of the cubic model magnet 
consisting of 64 irregularly shaped grains. 

stray-field energy (f > s . Replacing the stray-field energy in Eq. 
(2) by W[J S ,A] leads to an auxiliary functional whose local 
minima are in one-to-one correspondence to those of the to¬ 
tal Gibb’s free energy. 14 Fredkin and Koehler 17 originally 
applied a magnetic vector potential in micromagnetic finite 
element calculations, in order to investigate magnetization 
processes in irregular shaped particles. 

The linear interpolation of the magnetization angles and 
of the magnetic vector potential on triangular or tetrahedral 
elements gives an algebraic optimization problem. Since the 
magnetic polarization J x and the magnetic vector potential A 
are two independent variables, the minimization can be per¬ 
formed simultaneously with respect to J s and A. Thus con¬ 
vergence difficulties of iterative techniques, which alternate 
between solving for a magnetic scalar potential for fixed 
magnetization and minimizing the total energy for fixed de¬ 
magnetizing field, can be avoided. Among standard numeri¬ 
cal minimization techniques, a preconditioned quasi-Newton 
conjugate gradient method 18 proved to be most efficient for 
minimizing the total Gibb’s free energy of magnetic micro¬ 
structures. The functional IV[J S ,A] is an integral not only 
over the magnetic particle but over the whole space. In prin¬ 
ciple, the finite element mesh has to be extended over a large 
region outside the particle. Applying spatial transformations 
to evaluate the integral reduces the size of the external mesh 
and provides an accurate approximation of the stray-field 

19 20 

energy. • 

III. MAGNETIC MICROSTRUCTURES 

Modeling of grain growth yields realistic two- or three- 
dimensional microstructures. Starting from randomly located 
seed points, grains grow with constant growth velocity in 
each direction. 21 

Figure 1 shows a cut through a cubic model magnet 
consisting of 64 irregularly shaped particles. Figure 2 gives 
the distribution of the grain diameters. In order to describe 
composite magnets, material parameters of magnetically 
hare and soft phases are assigned to each grain. Beginning 
with the smallest grains, a fraction of the particles are con¬ 
sidered to be magnetically soft. Thus the mean grain size of 
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FIG. 2. Grain size distribution of the three-dimensional microstructure. The 
grain diameter is defined by the diameter of a sphere with equal volume. 

the soft magnetic particles becomes smaller than that of the 
hard magnetic grains which has been been found in rapidly 
solidified, Nd-Fe-B based composite magnet*. 5 The ran¬ 
domly oriented particles have direct contact and are coupled 
by short-range exchange and long-range magnetostatic inter¬ 
actions. 

The basic magnetic properties of isotropic, composite 
magnets have been calculated for three-dimensional micro¬ 
structures. However, the computational effort is much 
smaller in two-dimensional calculations where the magneti¬ 
zation is constrained in a plane and taken to be uniform in a 
direction perpendicular to this plane. The two-dimensional 
approximation of naturally three-dimensional magnetization 
processes does not severely influence the magnetic 
properties. 20 Thus, the comparison of the magnetic properties 
of various rare-earth-based composite magnets has been per¬ 
formed using two-dimensional microstructurcs. The two- 
dimensional grain structure consists of 30 grains with nearly 
hexagonal shape. Table I gives the intrinsic magnetic prop¬ 
erties of the different materials used for the calculations. 

IV. BASIC MAGNETIC PROPERTIES OF ISOTROPIC, 
COMPOSITE MAGNETS 

Figure 3 shows the demagnetization curves of a 
Nd 2 Fe 14 B and a-Fe magnet for increasing percentage of soft 
magnetic phases. The solid and the dashed line corresponds 
to the demagnetization curves for a mean grain size of 10 


H „ (2K/JJ 

- 0.2 - 0.1 0.0 0.1 0.2 



H M (KA/m) 


FIG. 3. Demagnetization curves of isotropic, Nd 2 Fe 14 B-bascd, composite 
magnets containing 12%, 40%, and 65% a-Fe. The different curves refer to 
10 nm (solid line) and 20 nm (dashed line) mean grain size. 


and 20 nm, respectively. For the calculations, the material 
parameters of Nd 2 Fe 14 B and a-Fe at room temperature have 
been used. The numerical results clearly show that the mag¬ 
netic properties of nanocrystalline, composite magnets dras¬ 
tically changes with the amount of a-Fe a.td with the average 
grain size. 

Figure 4 gives the remanence, the coercive field, and the 
maximum energy product of Nd 2 Fe, 4 B-based composite 
magnets as a function of the amount of a-Fe for a mean 
grain size of 10 and 20 nm. The remarkably high remanence 
of nanocrystalline composite magnets has to be attributed to 
(1) the increased spontaneous magnetization of the soft mag¬ 
netic phase and (2) remanence enhancement owing to inter¬ 
particle exchange interactions. Figure 4 compares both con- 


TABLE I. Intrinsic magnetic properties at 7"=300 K of hard and soft magnetic materials used for the calcula¬ 
tions J s , K t , /f 2 , A, and T c denotes the spontaneous magnetization, the first and second anisotropy constants, 
the exchange constant, and the Curie temperature, respectively. 



J, 


*2 

A 

T c 



(T) 


(J/m 3 ) 

(J/m) 

(K) 

Ref. 

Nd,Fc 14 B 

1.61 

4.3X10 6 

0.65 X10 6 

7.7X10’ 12 

588 

27 

Sm 2 (Fe 0 8 Co 0 2 ) 17^2 8 

1.55 

10 .1X10 6 

2.3 X10 6 

4.8X10~ P 

842 

28 

S 111 C 05 

1.06 

17 1X10 6 


12.0X10’ 12 

1243 

29 

a-Fe 

2.15 

4.6X10 4 

1.5X10 4 

25.0X10’ 12 

1043 

30 
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FIG. 4. Maximum energy product, remanencc, and coercive field in isotro¬ 
pic, Nd 2 Fe l4 B-bascd, composite magnets as a function of the volume frac¬ 
tion of a-Fc. The different curves refer to 10 nm (solid line) and 20 nm 
(dashed line) mean grain size. The dotted line gives the remanencc of the 
samples according to the Stoner-Wohlfarth theory. 

tributions to the remanence. According to the Stoner- 
Wohlfarth theory, 8 an isotropic Nd 2 Fe 14 B magnet has a 
remanence of J r =JJ2-' 0.8 T. The dotted line gives the re¬ 
manence of the composite material assuming noninteracting 
particles. The remanence increases linearly with the percent¬ 
age of a-Fe. The difference between the numerical results 
and the Stoner-V/ohlfarth theory has to be entirely attributed 
to intergrain exchange interactions. In nanocrystalline mate¬ 
rials exchange interactions align the magnetic moments par¬ 
allel to the saturation direction and thus considerably in¬ 
crease the remanence. In soft magnetic particles exchange 
interactions override competitive micromagnetic effects to a 
greater extent than in hard magnetic grains. Therefore, rema¬ 
nence enhancement due to interparticle interactions increases 
with increasing amount of a-Fe. 

The spin arrangements for zero applied field, given in 
Fig. 5 for a composite magnet of 60% Nd 2 Fe i4 B and 40% 
a-Fe, demonstrate the effect of the particle size. For a mean 
grain size of 10 nm the exchange length of a-Fe, / ex 
= Tr\jAI(J ;/approaches the particle diameter. Thus, al¬ 
most all the magnetic moments of the soft magnetic phase 
are aligned parallel to the saturation direction. The ratio of 
the remanent to saturation polarization shows a remarkably 
high value of J r /J s =0.19. For a mean grain size of 40 nm, 
stray field effects determine the direction of J s within the soft 


D = 10 nm 




FIG. 5. Spin arrangements for zero applied field at the surface and in the 
interior of a composite magnet of 60% Nd 2 Fc i4 B and 40% tr-Fc for 10 and 
40 nm mean grain size. The arrows with the closed heads denote the mag¬ 
netic moments within hard magnetic grains, the arrows with the open heads 
denote the magnetic moments within soft magnetic grains. 


magnetic phase. Exchange interactions influence the magne¬ 
tization of the soft magnetic particles only near the interface 
between hard and soft magnetic phases. The ratio of the rem¬ 
anent to saturation polarization reaches only J r !J s =0.66. 

The coercive field decreases with increasing amount of 
a-Fe. Nevertheless, exchange interactions between the hard 
and soft magnetic phases preserve a high coercive field. As a 
consequence the maximum energy product resembles the be¬ 
havior of the remanence. For a mean grain size of 10 nm and 
more than 50% a-Fe content, isotropic Nd 2 Fe 14 B-based com¬ 
posite magnets show maximum energy products exceeding 
400 kJ/tn 3 . The self-demagnetizing field deteriorates the co¬ 
ercive squareness owing to reversible rotations or magneti¬ 
zation reversal within large soft magnetic regions. Thus, the 
increase of (B//) max with the increasing percentage of a-Fc 
is less significant for a grain size of 20 nm. 
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FIC. 6. Maximum energy product, remanence, and coercive field as a func¬ 
tion of the mean grain size for a composite magnet consisting of 60% 
Nd 2 Fc 14 B and 40% a-Fe. The dotted line gives the remanence of the 
samples according to the Stoner-Wohlfarth theory. 


Figure 6 shows the remanence, the coercive field, and 
the maximum energy product as a function of the mean grain 
size for a composite magnet of 60% Nd 2 Fe 14 B and 40% 
a-Fe. Remanence and coercivity decrease with increasing 
grain size. In nanocrystalline, composite magnets two com¬ 
petitive effects determine the size dependence of coercivity: 
(1) Magnetic inhomogeneities owing to short-range ex¬ 
change interactions I 'twe :n hard magnetic grains favor the 
nucleation of reversed domains. The nucleation field of hard 
magnetic grains coupled by short-range exchange interac¬ 
tions decreases with deer casing grain size. 22 (2) Exchange 
interactions between the different phases, suppress the nucle¬ 
ation of reversed domains within the soft magnetic particles. 
The nucleation field of a soft magnetic grain embedded 
within a hard magnetic phase decreases with increasing 
grains size. 23 ' 26 The nucleation of reversed domains within 
the soft magnetic particles may cause magnetization reversal 
in neighboring hard magnetic grains, depending on the dis¬ 
tribution of magnetically hard and soft phases, on the shape 
of the grains, and on the orientation of the easy axes. If the 
reversal of the soft magnetic particles initiates a cascade-type 
demagnetization process, the coercive field will be deter¬ 
mined by the nucleation field of the soft magnetic particles 
and thus will decrease with increasing grain size. 


FIG. 7. Demagnetization curves of isotropic, rare-earth-based composite 
magnets containing 80% Nd 2 Fe 14 B, Sm 2 (Fe 08 Co 02 ) 17 N 2S , or SmCo 5 , and 
20% a-Fe for an average grain diameter of 10 nm (solid line), 20 nm 
(dashed line), and 40 nm (dotted line). 


V. COMPARISON OF ISOTROPIC 
RARE-EARTH-BASED COMPOSITE MAGNETS 

Owing to a remarkably high magnetocrystalline anisot¬ 
ropy, novel nitrided intermetallic compounds have a large 
potential for composite permanent magnets. The demagneti¬ 
zation curves of Fig. 7 characterize the magnetic properties 
of novel, isotropic rare-earth-based composite magnets. Fig¬ 
ure 7 compares the demagnetization curves for an average 
grain diameter of 10, 20, and 40 nm, obtained for composite 
magnets of 80% Nd 2 Fe 14 B, Sm 2 (Fe 08 Co 02 ) n N 28 , or SmCo 5 , 
and 20% a-Fe. The results clearly show that the coercive 
squareness decreases with increasing grain size for all mate¬ 
rials. The demagnetization curves show a dip at the nucle¬ 
ation field of the soft magnetic phase. The comparison of the 
demagnetization curves for a mean grain size of 10 nm 
clearly shows that the nucleation field of the soft magnetic 
phase increases with increasing magnet.'crystalline anisot¬ 
ropy of the hard magnetic phase. Exchange hardening be¬ 
comes less effective with increasing grain size. Conse¬ 
quently, for a mean grain size of 40 nm, the nucleation field 
of the soft magnetic phase approaches nearly the same value 
for all composite materials. Nevertheless, the coercive field 
and the shape of the demagnetization curves differ drastically 
for the different materials. In Nd 2 Fe 14 B-based magnets the 
nucleation of reversed domains within the soft magnetic 
phase initiates a cascade-type demagnetization of neighbor- 
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FIG. 8. Maximum energy product rare-earth-based composite magnets con¬ 
taining 20% a-Fe as a function of the mean grain size. 


ing hard magnetic particles at a slightly increased external 
field. In composite magnets based on nitrided intermetallic 
compounds or SmCo 5 , the elevated magnetocrystalline an¬ 
isotropy of the hard magnetic phase preserves a high coer¬ 
cive field despite the reversal of the soft magnetic particles. 
However, the nucleation of reversed domains within the soft 
magnetic phase deteriorates the shape of the demagnetization 
curves. 

Figure 8 compares the maximum i-nergy product as a 
function of the grain size for composite magnets of 80% hard 
magnetic phase and 20% a-Fe. All materials but SmCo 5 
show an energy product of about 300 kJ/m 3 for a mean grain 
size D =20 nm. Because of a high coercive field, 
Sm 2 (Fe 08 Co 02 ) 17 N 28 -based composite magnets will show a 
better temperature stability and thus are superior to 
Nd 2 Fe 14 B-based magnets. 

VI. CONCLUSIONS 

Numerical micromagnetic calculations reveal the micro- 
structural and micromagnetic conditions required for high 
remanent and high coercive composite magnets. The excel¬ 
lent hard magnetic properties of optimally structured com¬ 


posite magnets have to be attributed to intergrain exchange 
interactions. (1) Exchange interactions enhance the rema- 
nence by more than 40% as compared to the remanence of 
noninteracting particles. (2) Exchange hardening of the soft 
magnetic particles preserves a sufficiently high coercive 
field. The numerical studies show that remanence enhance¬ 
ment and exchange hardening are most effective for an av¬ 
erage grain size comparable with the exchange length of the 
soft magnetic phase and a significantly high amount of soft 
magnetic particles. 
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Aligned two-phase magnets: Permanent magnetism of the future? (invited) 

R. Skomski 

Department of Pure and Applied Physics, Trinity College, Dublin 2, Ireland 

Micromagnetic calculations are used to investigate coercivity and energy products of magnets 
consisting of an aligned hard-magnetic skeleton phas and a soft-magnetic phase with high 
saturation magnetization. Compared to the present-day theoretical limit of 516 kJ/m 3 for 
single-phase Nd 2 Fe 14 B, the energy product in suitable nanostructured Sm 2 Fei 7 N 3 /Fe 65 Co 3 5 
composites is predicted to be as high as 1090 kJ/m 3 . The influence of the skeleton’s texture and 
shape is discussed, and aligned nanocrystalline two-phase magnets are compared with 
remanence-enhanced isotropic magnets. In particular it is shown how the nucleation-based 
analytical approach breaks down in the isotropic limit. Finally, we outline conceivable processing 
methods and discuss potential applications of “megajoule” magnets. 


I. INTRODUCTION 

A key figure of merit of permanent magnetic materials is 
the energy product (BH) max , which describes the ability to 
store magnetostatic energy. Energy product increases with 
coercivity H c and remanence M r but can never exceed the 
value yu 0 A/ 2 /4 corresponding to an ideal rectangular hyster¬ 
esis loop. Since Af r =sA/ 0 , the spontaneous magnetization 
M 0 yields an “intrinsic” limit (BH) max ^fi 0 Ml/4, but if 
magnetization were the only consideration then a iron with 
/u 0 A/ 0 =2.15 T would be used for permanent magnets with 
energy products as high as 920 kJ/m 3 . In fact, the coercivity 
of bcc iron is so low that energy products of iron magnets are 
only of order 1 kJ/m 3 , and in the past it was necessary to 
resort to cumbersome bar and horseshoe shapes to avoid 
spontaneous demagnetization into a multidomain state by the 
magnet’s own magnetostatic field. For this reason the quest 
for improved energy product has involved a search for com¬ 
pounds with a large magnetization combined with the strong 
uniaxial anisotropy needed to develop hysteresis. 

In former years, the problem was to achieve the neces¬ 
sary anisotropy, but more recently the focus has shifted to the 
problem of enhancing the magnetization. Modern high- 
performance magnets such as SmCo 5 , Nd 2 Fe 14 B, or the in¬ 
terstitial nitride Sm 2 Fe 17 N 3 consist of 3d atoms which are 
exchange coupled to rare-earth atoms which provide the 
uniaxial anisotropy required of a peimanent magnet. 1 ' 7 In 
reality, coercivity as high as 4.4 T has been achieved in 
Sm 3 Fe 17 N 3 -based magnets, 8 but for practical purposes there 
is usually no call for coercivity very much greater than 
Afy/2. On the other hand, the magnetization is reduced due 
to the rare-earth and nonmagnetic elements. The light rare- 
earths’ atomic moments are at best slightly larger than that of 
iron, but they occupy more than three times the volume. 
Nevertheless, it has been possible to use Nd 2 Fe 14 B which has 
/i 0 A/ 0 = 1.61 T and y^ 0 A/o/4 = 516 kJ/m 3 to achieve room- 
temperature energy products exceeding 400 kJ/m 3 in 
laboratory-scale magnets. 2 At about 200 °C, which is a tech¬ 
nologically important temperature region, Sm 2 Fe !7 N 3 is po¬ 
tentially the best permanent magnetic material, 1,5 but here 
suitable processing methods have not yet been developed. 

Energy product has doubled every twelve years since the 
beginning of the century, and much effort is being made to 
yield further quantitative and qualitative progress in the per¬ 


formance of permanent magnetic materials. 9 However, the 
outlook for discovering new ternary phases with magnetiza¬ 
tion significantly higher than that of those available, at 
present, is poor. 3 Permanent magnets based on the appear¬ 
ance of a new-rare-earth iron intermetallic phase could offer 
better temperature stability, yet higher anisotropy field or im¬ 
proved corrosion resistance, but the scope for significant im¬ 
provements in the spontaneous magnetization is very limited. 
For instance, interstitial modification with small atoms such 
as nitrogen or carbon is effective for enhancing Curie tem¬ 
perature and anisotropy, 1,5,10,11 but it has rather little effect on 
the magnetization—the moment increase is, on the whole, a 
zero sum game. 3 

In the case of isotropic magnets, which are often more 
easy to produce than oriented magnets, the comparatively 
low remanence A/ r **A/ 0 /2 reduces the theoretical energy 
product by a factor 4. However, the production of nanocrys¬ 
talline composites such as Nd 2 Fe 14 B/Fe 3 BFe and 
Sm 2 Fe 17 N 3 /Fe by melt spinning 12 and mechanical alloying, 13 
respectively, shows that it is possible to combine the high 
magnetization of scu-magnt tic materials and the surplus an¬ 
isotropy of rare-earth intermetallics. Soft magnetic phases 
such as bcc iron often reduce the energy product by degrad¬ 
ing coercivity, but if the soft regions are small enough then 
exchange coupling stabilizes the magnetization direction of 
the soft phase. This Kind of exchange coupling improves the 
low remanence of the isotropic hard phase, 12 ' 16 but the en¬ 
ergy product, though improved with respect to the isotropic 
single-phase rare-earth material, does not reach the level at¬ 
tained in oriented single-phase rare-earth mag..ets. In other 
words, new approaches are necessary if the energy product is 
ever to double again. 

Recent work by Skomski and Coey 3,17,18 has shown how 
it should be possible to substantially increase the energy 
product in oriented nanostructured two-phase magnets by ex¬ 
ploiting exchange coupling between hard and soft ■ jor.j 
(Fig. 1). The idea behind these systems is to break out of the 
straightjacket of natural crystal structures by artificially 
structuring new materials. The concept is similar to that of 
the 4/-3<f intermetallics themselves, but on a different scale, 
where the atoms are replaced by a mesoscopically structured 
hard-magnetic skeleton with surplus anisotropy and small 
soft-magnetic blocks. Based on analytical calculations, a 
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FIG. 1. Spherical soft inclusions in an aligned hard matrix. 

well-defined and realistic upper limit to the energy product 
of permanent magnets has been established, and energy 
products of order 1 MJ/m 3 have been predicted for suitable 
multilayered and random structures. 

Here, we summarize the background and results of these 
calculations, relate them to the problem of remanence en¬ 
hancement in isotropic magnets, and draw conclusions with 
respect to future developments in permanent magnetism. 

II. BACKGROUND 
A. Mfcromagnetfc free energy 


F= J [%c(r)+ %(r)+ 7?//(r) + 77 mJ (r)]dr. 

The contributions to the free-energy density are (i) the ex¬ 
change free-energy density 7? xc =A(r)[Vs(r)] 2 , where the ex¬ 
change stiffness A (r) describes the tendency towards parallel 
spin alignment, (ii) the energy density of the (uniaxial) an¬ 
isotropy 

Va= - (K x + 2K 2 + 3K 3 )(ns) 2 + (K 2 + 3K 3 )(ns) 4 

-K,( ns) 6 , (2) 

where n is the unit vector of the local c-axis direction, (iii) 
the Zeeman energy density y H = - /j. 0 M 0 (r)Hs z (r), where 
H =Ht z is the external magnetic field, and (iv) the magneto¬ 
static dipole interaction 

1 3 f 

r/ ms (r)dr=-- 2 K,/r-r') 

Z /./=i J 

XM,(r)Mj(r')drdr', (3) 

with K ij (r)=/t 0 (3r,r ; - <S i; r 2 )/(4irr 5 ) and M(r) 
=S,M i (r)e / . Note that putting n(r)=e. in Eq. (2) is equiva¬ 
lent to the familiar expression y„ = K\ sin 2 0 
+K 2 sin 4 0+K 3 sin 6 9, where 9 is the angle between magne¬ 
tization and z direction. 


To predict the performance of a permanent magnetic ma¬ 
terial we have to calculate the average magnetization (M) as 
a function of the applied magnetic field H =He z . A conve¬ 
nient starting point is the (magnetic) free energy F, where the 
properties of the magnetic material enter as temperature- 
dependent parameters. Locally stable magnetic configura¬ 
tions are obtained by putting <5F/<5M(r)=0, where 8.../SS !(r) 
denotes the functional derivative with respect to the magne¬ 
tization Af(r)=A/ 0 (r)s(r) with s 2 = 1. Typically, the free en¬ 
ergy of permanent magnets exhibits two or more metastable 
equilibrium states, and tracing the magnetic configuration 
s(r) as a function of an external field H=ffe z is quite a 
demanding task. 

On a mesoscopic level, i.e., assuming that the magneti¬ 
zation is a continuous variable, the free energy of a perma¬ 
nent magnet reads 19,20 



Reduced remanence 


B. Coercivity and energy product 

Mechanical work to be done by a permanent magnet 
implies a magnetic hardness (coercivity) which keeps the 
magnetization in the desired direction. If the coercivity H c is 
too small, or if the hysteresis loop has an unfavorable shape, 
then the energy product won’t reach the theoretical value 
/zoMq/ 4 deduced from the saturation magnetization M 0 . 

Depending on the real structure of a permanent magnet, 
there are different harde-mg mechanisms. Here we treat 
aligned nanostructured two-phase magnets as nucleation- 
controlled magnets. The nucleation field H N =-H is defined 
as the (reverse) field at which the original state s(r)«*e z be¬ 
comes unstable. Mathematically, this requires the determi¬ 
nant of the continuous matrix 8 2 F/8s(r)8s(r') to vanish. 
Note, however, that the introduction of pinning centers is a 
potential way of improving the coercivity by inhibiting the 
propagation of the reversed nucleus, so H N ^H C is a lower 
limit to the coercivity. 

The determination of H N is a fairly demanding task, 19 ' 21 
and we have to introduce suitable approximations. Due to the 
long-range character of K, ; (r), the magnetostatic interaction 
is the most complicated one. A simple, though nontrivial, 
approximation is to replace the external magnetic field by 
H df =H~D(M z ), where D is the demagnetizing factor. It 
has been shown quite generally 20-22 that for a homogeneous 
ellipsoid 




2K i 


■DM 0> 


(4) 


FIG. 2. Dependence of the reduced effective anisotropy constant K^Kj, on 
the reduced remanence M'IM h . M'/M h = 1/2 and M,tM h =\ mean isotro¬ 
pic texture and complete alignment, respectively. 


where the factor D M 0 arises from the gain in magnetostatic 
energy due to an incoherent rotation process. The > sign in 
Eq. (4) indicates that incoherent rotation costs exchange en- 
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ergy, but the corresponding coercivity contribution scales as 
A/(fi 0 MoL 2 ), where L is the magnet’s size, and is practically 
negligible. In the case of coherent rotation (the Stoner- 
Wohlfarth model), H n =2K 1 /ii 0 M 0 -(1-3D)M 0 /2, and 
there is no influence of a “demagnetizing” field in spherical 
magnets where D- 1/3. The result of the Stoner-Wohlfarth 
model is consistent with Eq. (4). 

Equation (4) is called Brown’s paradox, because real 
permanent magnets always seem to violate this inequality. 
This violation is due to the existence of inhomogenities in 
real magnets while Eq. (4) applies to homogeneous ellipsoids 
only 21.22 j n t jj e following, we restrict ourselves to the so- 
called “intrinsic” D = 0 hysteresis loop of macroscopic mag¬ 
nets, from which the energy product is determined. 23 

III. MODEL AND CALCULATION 

To determine the nucleation field we assume ideal align¬ 
ment of the hard phase, i.e., n(r)=e., and rewrite s(r) sa e 2 as 

s= \/l -wre.+m, m=5 2; e i: -l-s > e >1 , m 2 <S 1. (5) 

Now series expansion of Eq. (1) yields the quadratic form 

F=J A(r){Vm} 2 +A: 1 (r)m 2 +-/i 0 Afo(r)//m 2 dr. 

( 6 ) 

Recall that K 2 ind do not enter this expression, 19 so the 
nucleation field of ideally anisotropic hard magnets depends 
on K { only. The case of partially anisotropic and isotropic 
magnets will be discussed in Sec. IV. The equation of state 
SF/8m(r)=0 is given by the identity 

8F ( dr\ \ dr] 

<5m(r) ^<?Vm(r)/ <?m(r)’ 

and reads 

/4(r)V 2 m+V4(r)Vm-[2K' 1 (r) + /i 0 A/o( r )^] m= 0. 

( 8 ) 

Except for the VA(r)Vm term (see Sec. IV), Eq. (8) is 
equivalent to Schrodinger’s eq ,tion for a particle moving in 
a three-dimensional potential 2-Ki(r)+/* 0 A/ 0 (r)//, which al¬ 
lows us to apply ideas familiar from quantum mechanics to 
discuss micromagnetics. Note that the x and y components of 
m=m x e x -rm y e y are decoupled and degenerate in Eq. (8), so 
the vector m(r) can be replaced by any unspecified nucle¬ 
ation mode 'F(r). It is, however, convenient to think of 'F(r) 
as the magnetization m x ( r) in x direction. 

Finally, for our inhomogeneous two-phase magnets we 
assume that the r dependence of the parameters A, K lt and 
M 0 is given by A h ,K h ,M h , and A S ,K S ,M S for hard (index 
h) and soft (index s) regions, respectively. Let the volume 
fraction of the hard regions become f h ; the fraction of the 
soft regions is then given by / s = 1 -/ A , 

The nucleation field H N is obtained as lowest eigenvalue 
of the Eq. (8). In the homogeneous “constant-potential” 
case, the ground-state eigenfunction is a plane wave with 
k=0, and Eq. (8) reduces to the familiar form 
H n =-H : =2K 1 //jl 0 M 0 . In the case of inhomogeneous mag¬ 
nets, the nucleation problem Eq. (8) can be solved by series 
expansion or an appropriate ansatz, which has been done for 


special one-, two-, and three-dimensional configu¬ 
rations. 17,19,24-27 An example is a spherical soft inclusion (di¬ 
ameter D, K s = 0) in a hard-magnetic matrix (cf. Fig. 1). 
Introducing spherical coordinates and using the interface 
boundary condition A J (e-V)'^ J =A A (e-V)^ A we obtain the 
eigenvalue equation 17 



which can be solved numerically. It turns out that the nucle¬ 
ation field reaches a high-coercivity plateau if the size of the 
soft inclusion is smaller than the Bloch wall thickness 
S h =ir(A h /K h ) 1/2 of the hard phase. This plateau corre¬ 
sponds to complete exchange coupling. If the diameter D of 
the soft inclusion is too large, then the magnetization be¬ 
comes unstable and the coercivity falls off as 1 ID 2 . 

For sufficiently small reverse fields \H\<H N (D) the 
single soft inclusion is perfectly aligned and slightly en¬ 
hances the remanence provided M s >M h . On the other hand, 
when the distance between the soft inclusions is small, the 
magnetization modes can “tunnel” through the hard region 
which no longer acts as an effective potential barrier. In fact, 
this micromagnetic “exchange interaction” can reduce the 
nucleation field considerably when the thickness of the hard 
region is less than 8 h . To obtain physically reasonable nucle¬ 
ation fields, the complete A(r), ATj (r), and Af 0 (r) profiles 
have to be taken into account. 


IV. RESULTS 
A. Coercivity 
1. Plateau limit 

In the plateau region, where the soft regions are very 
small, the problem can be treated in perturbation theory. 3,17,18 
As in quantum mechanics, the lowest order eigenvalue cor¬ 
rection is obtained by using the normalized unperturbed 
function %. This yields the nucleation field 


JWj_ 

N Ao(/ s A ts+f h M h y 


( 10 ) 


Note that this result is independent of the shape of the soft 
and hard regions so long as the hard regions remain aligned. 


2. Multilayer limit 

It is comparatively easy to treat one-dimensional struc¬ 
tures such as multilayers, 27 since the micromagnetic 
multilayer problem is analogous to the periodic multiple 
quantum well problem. For a multilayered structure of alter¬ 
nating soft and hard magnetic layers the nucleation field is 
given by the implicit equation 17 
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where l h and l s denote the thicknesses of the hard and soft 
layers, respectively. Note, that this result does not depend on 
whether the orientation of the crystallogiaphic c axis of the 
hard phase is perpendicular or longitudinal. 


B. Energy product 


Equation (10) implies an ideally rectangular hysteresis 
loop with energy product /m 0 M 2 /4, remanence M r =f h 
M h +f s M s , and (minimum) coercivity H N =M r /2. Putting 
*,=0 in the plateau limit we obtain with H N =M t /2 the 
maximum energy product 


(BH)mx =7 MoMfi 1 


fi 0 (M s ~M h )M s 

2 K h 


( 12 ) 


Due to the large K h , the second term in the bracket is small 
so the energy product approaches the ultimate value of 
/a 0 A/ 2 /4. The corresponding volume fraction of the hard 
phase is f h =fi 0 M*/4K h . 

The intermetallic with the most favorable combination 
of magnetization and anisotropy is Sm 2 Fe 17 N 3 . If we con¬ 
sider the Sm 2 Fei 7 N 3 /Fe system and assume values 
fi 0 M j=2.15 T, fj, 0 M h =l.55 T, and K h = 12 MJ/m 3 , we 
obtain a theoretical energy product of 880 kJ/m 3 (110 
MGOe) for a volume fraction of only 7% of the hard phase. 17 
A further increase of the energy product is possible if iron is 
replaced by Fe 65 Co 35 with fi 0 A/ S =2.43 T—the theoretical 
energy product of the Sn^FenN^e^Co^ system might be 
as high as 1090 kJ/m 3 (137 MGOe), with f h = 9%. It is re¬ 
markable that these optimum magnets are almost entirely 
composed of 3d metals, with only about 2-wt % samarium. 

Another possibility is a multilayered structure of alter¬ 
nating soft and hard magnetic layers. Assuming 
A, = l.67X10"“ J/m and A k = 1.07X 10““ J/m we de¬ 
duce from Eq. Gl) that a Sr\ 2 Fe 17 N 3 /Fe 65 Co 35 “megajoule 
magnet” is obtained for layer thicknesses l h = 2.4 nm and 
4 = 9.0 nm. The macroscopic shape of the magnet must of 
course correspond to the optimum operating point on the BH 
curve; it should approximate an ellipsoid with c/a=0.55. 
Note that A is generally of order 10“ 11 J/m, so H N and 
(B//) max do not depend very much on the exchange-stiffness 
inhomogenity. 


The ensemble average is defined as 
(...) = fl“ ! /.../(0)sin Odd where /( O) denotes the texture 
function of the hard phase. Note that Eq. (13) reduces to 
K cfi =K ] in the ideally anisotopic limit n= 1. 

To discuss the overall behavior of K ttt we use the single- 
parameter texture function /(#) = ( 1 + v)cos v 9® and restrict 
ourselves to the case K 2 -K 3 = 0. Using n 2 =cos 0 we obtain 


1 2M'-M h \ 

KeS Kh \2M h -M'J’ 


(14) 


where M' is the remanence of the hard regions in the 
interaction-free limit, i.e., M'=M h for ideally anisotropic 
magnets and M'=0.5 M h for isotropic magnets. In lowest 
order perturbation theory the nucleation field is proportional 
to K cf{ , so H n =0 for M' = 0.5 M h in this approximation. 
This means, that the nucleation field vanishes in the isotropic 
limit if soft and hard regions are extremely small. An alter¬ 
native interpretation is given by Eq. (12), where K h has to be 
replaced by K eff . The smallness of the 1 IK h correction term 
in Eq. (12) requires the effective anisotropy to be very 
large, 29 which is contradictory to AT cff =0, and it is not pos¬ 
sible to apply Eq. (12) to isotropic materials. 


D. Isotropic magnets 

In the case of an isotropic matrix with randomly oriented 
hard regions alternative methods have to be used to calculate 
the coercivity. An estimate is obtained from a simple model 
where two hard regions with n,=e 2 and n 2 =±e 2 are subject 
to an effective coupling AIR 2 ti{ . As it can be shown easily, 
the weak-coupling limit (isolated grains) yields M r =M h /2. 
In the case of strong exchange coupling the orientation of the 
grains is given by s,«*s 2 ^e x /V2+e z /V2, which yields the en¬ 
hanced remanence M r =M h /Vl. Note that the instability of 
the aligned M(r)=M A e 2 state implies M r <M h for 
remanence-enhanced single-phase magnets. 

On the other hand, exchange coupling destroys coerciv¬ 
ity. For weak coupling we find H c =2K h //j, 0 M h , while the 
strong-coupling coercivity H c = K.\R *4)“ 1 de¬ 
creases with increasing exchange interaction. As expected, 
this result reduces to H c = 0 in the “plateau limit” (infinitely 
large A or infinitely small R cff ). 


C. Texture 

As we have seen, K 2 ( r) and * 3 (r) do not influence the 
nucleation field so long as the unit vector in the easy axis 
direction n remains parallel to the field e 2 . The situation 
becomes much more difficult when the hard regions are only 
partially aligned or even isotropic. For instance, the compo¬ 
nents m x and m y of m [cf. Eq. (8)] are now coupled in a very 
complicated way. However, in lowest order perturbation 
theory the m x and m y decouple, and after some calculation 
we find that K { in Eq. (8) has to be replaced by 

- l 2 (Ki + 2K 2 +4K 3 )+ | (Ki + 4K 2 +9K 3 ){n 2 ) 
~ 1(2*2 JK 3 )(« 2 VtK 3 <«*>. (13) 


V. DISCUSSION 

A. Performance and processing 

A conceivable way to exploit the surplus anisotropy in 
modern rare-earth permanent magnets is to use aligned two- 
phase magnets where the hard phase acts as a skeleton which 
keeps the magnetization of the soft phase in the desired di¬ 
rection. Micromagnetic analysis shows that the nucleation 
field in suitable r.anostructured materials is proportional to 
the volume-avciaged anisotropy. 

Equation (12), which represents a hardness expansion 
with respect to the small parameter /i 0 (M s -M,,)M J /* 1 , 
predicts the energy product of aligned nanostructured two- 
phase magnets to be nearly as high as the ultimate value 
IXqM\I4. From the point of view of exchange coupling, the 
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mechanism is similar to the remanence enhancement in iso¬ 
tropic magnets, but yields a saturation magnetization which 
is larger than that of the aligned hard phase. 

The practical problem is to realize a structure where the 
soft regions are sufficiently small to avoid nucleation at 
small fields while having the hard regions crystallographi- 
cally oriented. One conceivable solution is a disordered two- 
phase magnet with a common c axis throughout the hard 
regions. The energy product Eq. (12) is independent of the 
shape of the soft regions, so long as their size lies in the 
plateau region. However, soft regions much larger than this 
plateau size drastically reduce the nucleation field, 29 and it is 
difficult to see how the formation of large soft-magnetic 
clusters might be avoided in practice. Furthermore, the hard 
skeleton has to be aligned to avoid the anisotropy reduction 
described by Eq. (14). Note that remanence-enhanced isotro¬ 
pic two-phase magnets operate on a slightly larger length 
scale. 

A more realistic possibility may be a multilayered struc¬ 
ture of alternating soft- and hard-magnetic layers. Conceiv¬ 
able production methods are laser ablation deposition 30 or 
molecular-beam epitaxy. As discussed in Sec. IV, the 
permanent-magnetic performance of the multilayer is inde¬ 
pendent of whether the hard phase is perpendicularly or lon¬ 
gitudinally aligned. It is worthwhile mentioning that perma¬ 
nent magnetic multilayers arc one-dimensional systems, 
whose eigenmodes are subject to weak localization (Ander¬ 
son localization). Weak localization in one-dimensional sys¬ 
tems is caused by an arbitrarily small disorder, 31,32 and 
second-order perturbation theory 29 yields zero coercivity if 
the disorder is described by Gaussian or Poisson correlations. 
The reason for this coercivity breakdown is the small but 
finite probability of thick soft layers, since the coercivity is 
determined by the thickest soft layer around which the nucle¬ 
ation mode is localized. This means that weak localization 
does not destroy coercivity if there is an upper limit to the 
thickness of the soft layers. 

Equation (1) is based on classical micromagnetic consid¬ 
erations; the sizes of the hard and soft regions must be large 
compared to atomic dimensions so that a continuum model 
can be applied. The model must break down when / 5 or l h is 
smaller than about 1 nm. However, due to the small prefactor 
( M S -M h )!M s , 0.28 for the SirnFe^Nj/Fe system, the en¬ 
ergy product is not much affected if the fraction of the hard 
phase is increased. We still have an energy product of almost 
800 kJ/rn 3 (100 MGOe) in the Sn^Fe^Nj/Fe system when 

30%, and we can use the extra hard material to out¬ 
weigh quantum-mechanical size effects, to improve the ther¬ 
mal stability, suppress the effect of random stray fields and to 
create pinning centers. 17,29 

B. Outlook 

Table I gives a tentative discussion of the question to 
what extent “giant-energy product” magnets will ever be 
exploited commercially. At present, the actual production of 
these structures represents a realistic but nevertheless ex¬ 
tremely demanding challenge. In other words, the advantages 
of hypothetical “megajoule” magnets—very high energy 
product and low raw material costs—are largely outweighed 


TABLE I. Permanent magnet processing and applications. 


Material 

Performance 

Processing 

costs 

Raw material 
price 

Steel 

low 

low 

low 

Ferrites 

moderate 

moderate 

low 

SmCoj 

high 

moderate 

high 

Nd 2 Fe !4 B 

high 

moderate 

moderate 

Sm 2 Fe 17 N 3 

high 

high 

moderate 

“MJ” magnets 

very high 

very high 

low 


by the complicated processing requirements. We therefore 
believe that the use of aligned nanostructured two phase 
magnets will be restricted to special applications such as mi¬ 
cromechanics or thin-film electronics. 

Of course, this emphasis on processing is likely to be a 
feature of ail future permanent magnets, even if we include 
“exotic” systems such as magnetically hard room- 
temperature superconductive currents or nanoscale magnetic 
clusters where the > sign in Eq. (4) can be utilized. 9 Let us 
imagine, for example, that it is possible to produce a single¬ 
phase permanent magnet somewhat better than Nd 2 Fe 14 B by 
quenching from a high-pressure equilibrium state. The pro¬ 
cessing of this material will almost certainly be much more 
expensive than that of Nd 2 Fe 14 B, leading to much less wide¬ 
spread commercial applications. In our opinion, singular 
events such as the discovery of Nd 2 Fe 14 B are unlikely to 
happen again, and most future technological and scientific 
progress will be in directions other than improving the en¬ 
ergy product. 

VI. CONCLUSIONS 

In conclusion, it is likely that substantial improvements 
in the energy product of permanent magnets can be achieved 
by exchange hardening in nanoscale combinations of a soft 
phase and an oriented hard phase, structured according to the 
principles we have outlined. For example, the maximum en¬ 
ergy product of nanostructured SubFcpNa/Fc^Co,; multi¬ 
layers is predicted to be as high as 1090 kJ/m 3 (137 MGOe). 
The high energy product, which is based on nucleation- 
controlled coercivity, breaks down in the limit of remanence- 
enhanced isotropic magnets. The actual production of the 
new material—a demanding but realistic aim—will be ex 
pensive, which restricts the potential use of ‘giant-energy- 
product’ magnets to special applications. 
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Nanocomposite R 2 Fe 14 B/Fe exchange coupled magnets 
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We have studied the crystallization, crystal structure, microstructure and magnetic properties of 
R-Fe-B (R=Nd,Pr,Dy,Tb) based melt-spun ribbons consisting of a mixture of R 2 Fe 14 B and a-Fe 
phases. All the samples crystallize first to a-Fe and a metastable phase (Y 3 Fe 62 B 14 for R=Nd,Pr,Dy 
and TbCu 7 for R=Tb) before they finally transform to 2:14:1 and a-Fe. The highest values of 
coercivity and reduced remanence, 4.5 and 0.63 kOe, respectively, were obtained in a 
Nd 3 g5 Tb 2 (Fe-Nb-B) 9 415 sample. These properties are the result of a fine grain microstructure 
consisting of a mixture of a-Fe and 2:14:1 having an average grain size of 30 nm. 


INTRODUCTION 

A high reduced remanence ( M r /M s ), greater than 0.5, in 
isotropic magnets is highly desirable for permanent magnet 
development. Remanence enhancement has been observed 
previously in isotropic Nd 2 Fe 14 B magnets with small A1 and 
Si substitutions, 1,2 and more recently, 3 in samples with a con¬ 
trolled microstructure. High values of magnetization and re¬ 
duced remanence can also be achieved in samples with a 
microstructure consisting of a fine mixture of hard (high an¬ 
isotropy) and soft (higher magnetization) phases. 4,5 Kneller 
and Hwaig 6 have shown that high remanence and relatively 
high coercivity could be expected in a fine two-phase micro¬ 
structure where the small grains are exchange-coupled. 

Previously, we have studied various mixtures of 
Nd 2 Fe 14 B and a-Fe and observed a maximum coercivity of 
4.0 kOe along with a remanent magnetization of 110 emu/g 
in a 50 wt % 2:14:1 and 50 wt % a-Fe mixture. 7 In this 
report, we extend our studies on nanocoinposite magnets to 
other rare earth 2:14:1 phases. 

EXPERIMENT 

R t (Fe-Nb) J ,Bj ingots with different composition with 
R=Nd, Pr, Dy and Tb (4<x<6, 88<y<93, 4<z<6) were 
prepared by arc melting the constituent elements in an argon 
atmosphere. Pieces of the ingot were melt-spun from a 
quartz tube having an orifice diameter of ~1 mm. A wheel 
speed in the range of 25-45 m/s was used. The resulting 
ribbons were studied using differential scanning calorimetry 
(DSC) and differential thermal analysis (DTA) for possible 
phase transformations. X-ray diffraction (Cu K a ) was used to 
identify the phases present. The hysteresis loops were mea¬ 
sured in a vibrating sample magnetometer (VSM) with a 
maximum field of 20 kOe on long (7 mm) sample pieces to 
minimize demagnetization effects. Selected samples were 
also measured in a SQUID magnetometer with a maximum 
field of 55 kOe. The microstructure of samples having dif¬ 
ferent coercivities was studied by transmission electron mi¬ 
croscopy (TEM) using a Jeol JEM 2000FX. 

RESULTS AND DISCUSSION 

The melt-spun ribbons were found to be x-ray amor¬ 
phous (or nanocrystalline) in structure. Calorimetric studies 


were performed on the as-spun samples using DSC and DTA 
to obtain transition temperatures, latent heats, and activation 
energies. Typical thermal scans consisting of two or more 
exothermic peaks are shown in Fig. 1 for Nd-Fe-B and 
Dy-Fe-B based samples. The first exotherm involves a latent 
heat of about 70-80 J/g along with activation energies in the 
range 280-380 kJ/mol (see Table I). The latter quantity was 
evaluated by plotting In (rat e/T p ) vs l/7 p for different heat¬ 
ing rates where T p H enotes the temperature of maximum 
transform. 8,9 In the case of Nd, Pr, Dy this exotherm corre¬ 
sponds to the transformation from amorphous to metastable 
Y 3 Fe 62 B I4 type structure in addition to a-Fe [see Fig. 2(a)], 
Similar studies on Tb-Fe-B ribbons show a transition from 
amorphous to hexagonal TbCu r type structure and a-Fe. 
Structural information and the Curie temperatures of these 
metastable compounds are summarized in Table II. When the 
samples were heat treated at temperatures above the highest 
transition temperature, the mctastable Y 3 Fe 62 B 14 structure 
was found to transform to 2:14:1 + a-Fe and the TbCu 7 
structure to a mixture of 2:14:1, a-Fe, and probably to 2:17 
phases as determined by x-ray diffraction. The temperature 
associated with the formation of 2:14:1 phase is higher in the 
samples with To or Dy. 



Temperature (°C) 


FIG. 1. DTA traces m (A) Dy-Fe-B and (B) Nd-Fe-B ribbon samples. 
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TABLE I. Transformation temperatures (T,) and activation energies (£,) 
associated with the phase transformations in R 6 (Fe-Nb-B) 94 nbbons (see 
text and Table II for details'!. 


R 

T, 

(°C) 

Ei 

(kJ/mol) 

t 2 

(°C) 

e 2 

(kJ/mol) 

Nd 

586 

388 

734 

456 

Pr 

572 

374 

720 

472 

Dy 

587 

312 

827 

381 

Tb 

594 

289 

811 

455 


The intensity distribution among the 2:14:1 peaks in 
these ribbon samples is similar to that of a R 2 Fe 14 B powder 
diffraction pattern indicating the isotropic nature of the 
samples [Fig. 2(b)]. This was further confirmed by hysteresis 
loop measurements carried out along and transverse to the 
ribbon length. 

Large coercivities were observed in the samples after 
annealing above the higher temperature (J 2 in Table I) exo¬ 
thermic peak. By varying the annealing temperature and time 
these coercivities were optimized. Hysteresis loops of two 
samples with optimum coercivity are shown in Fig. 3. Al- 



20 30 40 50 60 70 


28 (degrees) 

FIG. 2. X-ray diffraction patterns showing the (a) Y 3 Fe 62 B 14 and a-Fe struc¬ 
tures and (b) R 2 Fe 14 B + a-Fe observed in R^Fe-Nb-B)^ ribbon samples 
with R-Nd, Pr, and Dy. 


TABLE II. Structure type, lattice parameters and Curie temperatures of the 
phases formed after the first crystallization of R 6 (Fe-Nb-B) 94 ribbons. 


R 

Structure 

type 

a 

(nm) 

c 

(nm) 

Tc 

(°C) 

Nd 

bcc Y 3 Fe 62 B l4 

1.231 


200 

Pr 

same 

1.234 


200 

Dy 

same 

1.235 


210 

Tb 

hex. TbCu 7 

4.801 

4.225 

240 


though these samples consist of two or more magnetic com¬ 
ponents, the smooth hysteresis loops are characteristic of a 
single component system but with high remanence values. 
The observation of high reduced remanence (M r /M s >0.5) 
and reversible demagnetization curves in these isotropic 
samples 7 indicates the behavior of exchange-coupled 
magnets. 6 

The highest coercivity of 4.5 kOe was observed in a 
sample containing a mixture of rare-earths (Nd 3 85 Tb 2 ) com¬ 
pared to 4.0 kOe in the pure Nd 5 85 (Fe-Nb-B) 9415 sample. 
The slight asymmetry in these loops is believed to be a con¬ 
sequence of lack of saturation. However, the introduction of 
Tb loweis the magnetization of these ribbons from 155 
emu/g in Nd 5 8S (Fe-Nb-B) 94 ]5 to 130 emu/g. In 
Pr 6 (Fe-Nb-B) 94 ribbons a maximum coercivity of 3.9 kOe 
and a remanent magnetization of 105 emu/g were observed. 
The coercivity of the pure Tb(Dy) samples is much lower 
(~1 kOe) despite the high anisotropy of the R 2 Fe 14 B (R 
=Tb,Dy) phases. This is attributed to the formation of larger 
grains in these samples because of the higher annealing tem¬ 
peratures necessary to form the hard R 2 Fe )4 B phase. 

The values of the coercivities given previously corre¬ 
spond to a maximum magnetizing field of 20 kOe. To check 
whether the loops were not minor, higher magnetizing fields 
were used and the results are shown in Fig. 4 for the sample 
with largest coercivity. The coercive force does not saturate 


150 



_200 i ■ 1 ' 1 1 1 ■ ' i ■ ■ . i . ■ ■ . i . ■ ■ ■ I—.—.i 
-20 -10 0 10 20 

Field (kOe) 

FIG. 3. Hysteresis loops of the coercivity optimized (A) 
Nd 3 85 Tb 2 (Fe-Nb-B) 9415 and (B) Nd 32 Tb,(Fe-Nb-B) W8 samples. 
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FIG. 4. The dependence of coercive force and magnetization on magnetiz¬ 
ing field in a Nd, 8J Tb 2 (Fe-Nl)-B) 9515 sample 


for magnetizing fields lower than 30 kOe and the magneti¬ 
zation has a high field slope indicating lack of saturation. 

Transmission electron microscopy was carried out to 
study the microstructure in samples exhibiting different co¬ 
ercive behavior. Figure 5 shows the bright-field images of 
two Nd 6 (Fe-Nb-B) 94 samples annealed at 700 °C for 20 and 
120 min. The samples annealed for a shorter period of 20 
min showed a microstructure [Fig. 5(a)] consisting of a ho¬ 
mogeneous mixture of a-Fe and 2:14:1 phases with an aver¬ 
age grain size of about 30 nm. The hysteresis loops in the 
samples were similar to that of a single magnetic component. 
In samples annealed for 120 min, a microstructure consisting 
of clusters of a-Fe was observed in a matrix of 2:14:1 phase 
[Fig. 5(b)], The hysteresis loops in these samples were rep¬ 
resentative of a two-component system. 

CONCLUSIONS 

The magnetic, structural, and microstructural properties 
of R-Fe-B based nanocomposite ribbons with R=Nd, Pr, Dy 
and IT) have been studied. A room-temperature coercivity of 
4.5 kOe was observed in a sample containing Nd and Tb as 
compared to 4.0 kOe in the pure Nd samples. The optimum 
microstructure consists of a uniform mixture of 2:14:1 and 
a-Fe grains of about 30 nm. The coercivity of pure Tb or Dy 
samples is only in the 1 kOe range presumably due to the 



FIG. 5. Bright-held images in a Nil,,(Fc-Nb-B) w sample annealed at 700 °C 
for (a) 20 min, and for (b) 120 min. The diffraction patterns indicate a 
mixture of 2:14:1 and a-Fe phases 

larger grains formed at the higher annealing temperatures 
(because of the higher transformation temperatures) associ¬ 
ated with these alloys. 
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Influence of nitrogen content on coercivity in remanence-enhanced 
mechanically alloyed Sm-Fe-N 
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In nanostructured SmjFe^N^+a-Fe two-phase permanent magnets, exchange interactions between 
hard and soft magnetic phases result in remanence enhancement. With a starting composition of 
Sm 7 Fe 9 3 , mechanical alloying, annealing at 625 °C for 10 min and subsequent nitriding at 330 °C 
for 45 h results in hard magnetic powder with nanocrystallites of Sm 2 Fe 17 N 3 and a-Fe some 20 nm 
in size. There is a coercivity of /XqH c =0A T and a remanence J r = 1.2 T, after saturating in a field 
of 7.5 T. The deduced value of the remanence depends strongly on the choice of demagnetizing 
factor. 


INTRODUCTION 

Since the discovery of remanence enhancement in iso¬ 
tropic nanocrystalline Nd 45 Fe 77 B 185 in 1988 by Coehoora 
et al., 1 there has been much experimental and theoretical in¬ 
terest in this phenomenon. The idea of transmitting anisot¬ 
ropy by exchange coupling of hard and soft phases (the “ex¬ 
change spring”) was proposed by Kneller and Hawig. 2 There 
have been a number of papers on analytical calculations 3 and 
computer simulations 4 of these exchange hardened two- 
phase materials. Recent progress has been made to produce 
bonded magnets using the Nd 45 Fe 77 B 185 composition from 
melt spun ribbon realizing coercivities, /x 0 H c of 0.36-0.44 T 
with remanences J r of 0.89-0.80 T. 5 

The original material, Nd 45 Fe 77 B 185 consisted of ex¬ 
change coupled grains of Nd 2 Fe 14 B, Fe 3 B, and a-Fe in the 
ratio 15, 73, and 12 with crystallite sizes ranging from 10 to 
30 nm. Related behavior is found in nanocrystalline, single 
phase, Nd 2 Fe 14 B where the addition of 2 at. % Si refines the 
grain size to 20-30 nm. 6 Si is not a specific requirement, 7 as 
under certain processing conditions, which yield a grain size 
of 20-30 nm, a similar remanence enhancement could be 
obtained. This type of remanence enhancement has also been 
modeled using a computer simulation. 8 

Coercivities of 3 T have been obtained in Sm 2 Fe 17 N 3 
produced by mechanical alloying, 9 but due to the isotropic 
nature of this nanocrystalline material the remanence was 
limited to a value of 0.75 T, half the saturation magnetiza¬ 
tion. Due to the rather low decomposition temperature of the 
Sm 2 Fe 17 N 3 phase (600 °C) it is not possible to apply the di¬ 
upsetting method used in Nd 2 Fe 14 B to p r ;»duce anisotropy. 

In 1993 Ding et a/. 10 showed that a nanocrystalline two- 
phase mixture of Sm 2 Fe 17 N i and a-Fe produced by mechani¬ 
cal alloying exhibited remanence enhancement. The isotropic 
powders have /,= 1.4 T and pt 0 H c = 0.39 T. 

Theoretical modeling of such two-phase nanocrystailine 
materials, where a high magnetization soft phase is exchange 
coupled to a high anisotropy hard phase has yielded insight 
into the critical grain sizes and grain boundary requirements. 
To preserve coercivity in the nanocomposite, the size of the 


soft grains must be sufficiently small. The relevant length 
scale is the domain wall width of the hard phase. The ana¬ 
lytical results of Skomski and Coey 3 and the computer simu¬ 
lations of Schrefi et al. 4 show that the size of the magneti- 



1WO-1IIKIA (DEGREES) 


FIG 1. X-ray diffraction patterns of mechanically alloyed Sm 7 Fe 9 j, an¬ 
nealed at 625 °C for 10 min, (a) before nitriding, (b) after 330 °C for 5 h in 
1 bar of N, and (c) after 45 h at 330 °C. Inset shows the (220)/(303)/(2!4)/ 
(006) peak under the same conditions. UN f =before nitriding (unnitrided) 
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TABLE I. Lattice parameters, magnetization, and weight gain results for mechanically alloyed Sn^Fe^, an- 
i nealed at 625 °C for 10 min, and nitrided in 1 bar of N 2 for different temperatures and times. 


Sample 

a 

(A) 

c 

(A) 

V 

(A) 3 

AV/V 

<*) 

Mo H c 
(T) 

Jr 

(T) 

St _ 

<1 

UN 1 

8.54+0.02 

12.42±0.02 

784±5 


0.02 



330,5 

8 .66+0.01 

12.75 ±0.04 

828 ±3 

5.6±1.0 

0.35 

1.12 

1.7±0.1 

330, 24 

8.71 ±0.01 

12.58 ±0.08 

826±5 

5.4±1.3 

0.36 

1.19 

2.3±0.1 

330, 45 

8.73+001 

12.68±0.06 

837 ±4 

6.7 ±1.2 

0.38 

1.17 

2.4±0.1 

330,64 

8.70+0.01 

12.79 ±0.09 

838±10 

6.9±1.9 

0.29 

1.20 

2.3±0.1 

400,475 

8.73 ±0.01 

12.72±0.15 

839± 10 

7.0±2.0 

0.28 

1.20 

2.4 ±0.1 


*fW=before nitriding-unnitnded. 


cally soft region should be roughly twice the domain wall 
width of the hard phase to stiffen the soft magnetic grains, 

The domain wall width depends on the anisotropy ac¬ 
cording to the well-known formula S w =tt(A/K 1 ) 112 . In the 
Sm 2 Fe, 7 N, system, the anisotropy constant K x and the ex¬ 
change parameter A increase with nitrogen content up to 
x=3. n Values forx=3 areA = l.lX10 _u J/m and /^8 
MJ/m 3 . 12 Here we investigate the influence of the nitriding 
conditions on the overall magnetic properties of two-phase 
exchange-hardened Sm 2 Fe 17 N x +a-Fe. 

EXPERIMENT 

Elemental Sm and Fe were mechanically alloyed in the 
ratio Sm 7 Fe 93 in a planetary ball mill. 20 g of the starting 
mixture was placed in hardened stainless-steel vials together 
with 400 g of 10-mm-diam stainless-steel balls. The as- 
milled powders were annealed at 625 °C for 10 min under 
vacuum. The subsequent nitriding was carried out in 1 bar of 
N 2 at 330 °C for times ranging from 5 to 64 h. Structural 
investigations were performed with a Siemens D500 x-ray 
diffractometer using Cu K a radiation. The nanostructure of 
this two phase exchange-hardened material was character¬ 
ized by transmission electron microscopy. Magnetization 
measurements were performed on powder samples dispersed 
in resin, with a packing density of about 30%, in a vibrating 
sample magnetometer in applied fields up to 7.5 T. 

RESULTS AND DISCUSSION 

The as-milled powders consisted of crystallites of a-Fe 
embedded in an amorphous matrix of Sm-Fe. Scherrer 
broadening of the x-ray reflections indicated these crystal¬ 
lites to be between 5 and 10 nm in size. Following crystalli¬ 
zation of the Sm 2 Fe 17 phase there was a mixture of Sm 2 Fe 17 
and a-Fe in the ratio 60:40 as determined from measure¬ 
ments of the saturation magnetization. Initially nitriding was 
carried out using 1 bar of N 2 at 400 °C for 2 h followed by 1 
h at 475 °C. This resulted in a powder with a coercivity of 
0.28 T. The weight gain on nitriding indicated complete ni- 
trogenation. The nitriding temperature was then reduced to 
330 °C and the time increased to 5 h. This yielded a better 
coercivity of 0.35 T even though both the weight gain and 
the x-ray diffraction pattern, shown in Fig. 1 suggest incom¬ 
plete nitrogenation. The reason for the much improved re¬ 
sults at the lower nitriding temperature of 330 °C is not yet 
clear. Using the formula for an activated interstitial diffusion 


process, D=D<fix$-(EJkT) with Z) 0 =1.02X10 ~ 6 m 2 /s 
and an activation energy £ a =133 kJ/mol , 13 the diffusion 
length for a temperature of 330 °C and a time of 5 h, is 
approximately 200 nm which is much less than the particle 
size ( 1-100 /tm with an average of 20 fim) but greater than 
the size of the nanocrystallites which are only 20 nm in di¬ 
ameter. This suggests that nitrogen diffusion advances rap¬ 
idly along the Sm 2 Fe 17 /Fe grain boundaries, but 5 h is insuf¬ 
ficient to achieve complete nitrogenation of the particles. 

Keeping a nitriding temperature of 330 °C samples were 
then nitrided for time periods of 24, 45, and 64 h and the 
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FIG. 2. Hysteresis loops of mechanically alloyed Sm 7 Fe 93 , annealed at 
625 °C for 10 min after nitriding in 1 bar of nitrogen at 330 °C for (a) 5 h, 
(b) 24 h, (c) 45 h, and (d) 64 h. 
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FIG. 3. (a) TEM bright-ficld mien -;raph of mechanically alloyed Sm 7 Fc, 3 
annealed at 625 °C for ;0 min and nitrided in 1 bar of N 2 at 400 °C for 2 h 
followed b 1 h at 475 °C. (b) Electron diffraction pattern corresponding to 
the area in (a). 

results are presented in Table I and Fig. 2. From the lattice 
parameters in Table I, it appears that after a nitriding treat¬ 
ment in 1 bar of N 2 at 330 °C for 24 h, the powder is com¬ 
pletely nitrided. The coercivity increases from 0.36 to 0.38 T 
after nitrogenation at 330 °C for 45 h. Longer nitriding time 
leads to further increase in the lattice expansion, which may 
result from a value of x in the formula Sm 2 Fe 17 N t , slightly 
greater than 3. The decrease in anisotropy field for x>3 
(Ref. 14) is a possible explanation for the fall in coercivity 
from 0.38 to 0.29 T. 

The coercivity and remanence values given in Table I 
were obtained in a field of 3.5 T. The A coercivity of 0.38 T 
increases to 0.40 T in a 7.5 T field. Remanence values are 
calculated using the theoretical powder density of 7.7 g/cm 3 . 
In correcting the hysteresis loops of resin bonded powder 
samples for demagnetizing fields it is not sufficient to use the 
correction factor appropriate to the external shape of the 
sample. Due to the low packing density, there are internal 
demagnetizing fields which need to be taken into account. 
Samples measured in closed circuit using a BH loop tracer 
indicated strong internal demagnetizing fields, thus in each 
case a demagnetizing factor of 0.33 was used taking into 
account the roughly spherical shape of particles and the ab¬ 
sence of magnetic interactions. 

At annealing temperatures and times greater than 625 °C 
for 10 min, the hysteresis loop of the nitrided material 
showed a constriction, i.e., magnetic behavior indicative of 
two independent phases, one with a large coercivity and the 
other with a small coercivity. The a-Fe grains grow rapidly 


during annealing, and if they exceed a certain size the two 
phases tend to behave independently. Figure 3 shows a 
bright-field micrograph of the microstructure of an optimally 
annealed sample nitrided at 400 °C for 2 h followed by 
475 °C for 1 h. Ultrafine grains with an average size of about 
20 nm are visible. The electron diffraction pattern corre¬ 
sponding to that area is presented in the lower part of the 
figure. It reveals the presence of the two phases Sm 2 Fe 17 N x 
and a-Fe, which are both randomly oriented, indicated by the 
occurrence of complete diffraction rings. A high resolution 
image shows lattice fringes characteristic of the two phases. 

The calculated domain wall width of Sm 2 Fe I7 N 3 is ap¬ 
proximately 4 nm. 12 This implies that for most effective 
transfer of the hard magnetic properties to the soft magnetic 
grains, the size of the soft grains should not exceed approxi¬ 
mately 8 nm. The milling and annealing conditions were 
systematically varied, but the end result, without the use of 
additions 15 was always that, the minimum size of the a-Fe 
grains after crystallization of the Sm 2 Fe, 7 phase was about 
20 nm. It should be investigated whether by lowering the 
anisotropy of the hard phase, Sm 2 Fe 17 N x by reducing x for 
example, the increase of the domain wall width S w would 
lead to a greater coercivity. 

CONCLUSIONS 

Complete nitrogenation at such a low temperature of the 
two-phase nanostructure is in contrast to that of nano¬ 
crystalline single phase Sm 2 Fe 17 N 3 prepared by a similar 
process. It suggests that nitrogen diffusion is particularly 
easy along Sm 2 Fe n /Fe grain boundaries. The activation en¬ 
ergy for the diffusion of nitrogen in a-Fe is ~half that in 
Sm 2 Fe 17 . A homogeneous nanostructure is achieved by me¬ 
chanical alloying, but the size of the soft, a-Fe regions is 
approximately 20 nm, which is about twice the size for op¬ 
timum exchange hardening. 
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Coercivity of Ti-modified nanocrystalline (a-Fe)-Nd 2 Fe 14 B alloys with soft iron particles embedded 
in hard Nd 2 Fe 14 B matrix was studied. The alloys were prepared by melt spinning and annealing. The 
grain size of ' , d 2 Fe M B is from 20 to 60 nm, while that of the soft iron particles is 11 to 30 nm. The 
coercivity of the annealed flakes decreased dramatically with increasing particle size of free iron, 
following the same tendency of a theoretical calculation by Schrefl et al. For the Ti-alloyed flakes, 
the 1 at. % Ti-containing ones show the highest coercivity of 11.1 kOe. I's (BH) m value is about 16 
MGOe despite lower Nd and B contents than stoichiometric Nd 2 Fe 14 B. More Ti addition would 
deteriorate the ok vcivity. 


I. INTRODUCTION 

Rapidly quenched Nd-Fe-B flakes with Nd and B richer 
than the stoichiometric Nd 2 Fe 14 B (2-14-1) composition have 
been extensively studied. 1,2 The high coercivity and energy 
product of the flakes primarily results from the magnetically 
hard Nd 2 Fe 14 B phase. Recently, some researchers proposed a 
kind of nanostructured two-phase magnets with soft mag¬ 
netic phase embedded in hard magnetic phase. 3-5 This mate¬ 
rial has been attracting much attention because it possesses 
h*gh saturation magnetization with moderate coercivity, 
hence the maximum energy product can be greatly enhanced. 
In this study, we intend to precipitate fine soft iron particles 
within Nd 2 Fe, 4 B matrix in the a-Fc/Nd 2 Fe 14 B psuedobinary 
system. The alloying effect of Ti element was also system¬ 
atically studied. 

il. EXPERIMENT 

The studied alloy compositions are designated as shown 
in Table I. The samples were prepared first by arc-melting 
Nd, Fe, B, Ti elements of +99.5% purity under argon pro¬ 
tection, then remelted by induction melting and rapid 
quenching at a wheel speed (V s ) of 40 m/s by using single- 
roller melt-spinning technique. 6,7 The as-spun flakes were 
annealed at different temperatures from 600 to 800 °C for 10 
min. Differential thermal analysis (DTA) was used to deter¬ 
mine the crystallization temperature and activation energy of 
crystallization of as-spun flakes. Magnetic properties were 
measured by a VSM with a maximum field of 20 kOe at 
room temperature. The crystal structure of the flakes was 
studied by x-ray diffractometry (XRD) using Cu Ka radia¬ 
tion. The grain size of free a-Fe was calculated from the full 
width at half maximum (FWHM) data by using Schererr’s 


TABLE I The designation of the studied alloy composition. 

Ndi 05 ijFe M i(B 5 ;v Ti, Nd^jFe^jB, 5 Ti^ Nd a Fe w B 4 Ti, 

N10T0 (r = 0) N9T0(x = 0) N8T0 U = 0) 

N10T1 (x= 1) N9T1 (jc= 1) N8T1 (* = 1) 

N9T2 (x = 2) N8T3 (*-3) 


formula. The microstructure was studied using a transmis¬ 
sion electron microscope (TEM) with an energy dispersive 
spectroscopy (EDS) attachment. 

III. RESULTS AND DISCUSSION 

A. Crystallization behavior of as-spun flakes 

The as-mell-spun amorphous flakes can be obtained by 
high-speed melt spinning even though they contain low B 
and Nd contents. These flakes show a glass transition tem¬ 
perature ( T g ) of around 470 °C and a crystallization tempera¬ 
ture ( T x ) of around 600 °C. The T x value increases with in¬ 
creasing amount of a-Fe and Ti, as shown in Table II. The 
activation energy ( E a ) of crystallization is calculated using 
the Kissinger plot. 8 The N8T3 flakes show a higher-energy 
barrier of crystallization than N10T1 flakes, which is consis¬ 
tent with the crystallization temperature datum. 

B. Magnetic properties of annealed flakes 

The Ti-1 at. % alloyed flakes annealed at 750 °C for 10 
min show the highest-energy product with an improved 
squareness of the demagnetization curve. The ( BH) m value 
of 15.9 MGOe is higher than that of conventional MQ1 
(tradename of flakes manufactured by Magnetquench, typi¬ 
cally 14-15 MGOe) despite its lower Nd and B contents 
than stoichiometric Nd 2 Fe 14 B. 

Figure 1 shows the dependence of Nd content on coer 
civity. The intrinsic coercivity (iHc) value increases linearly 
with Nd content. The increasing rate of iHc is 2.5 kOe at. % 
Nd. But the B r value increases as decreasing Nd content due 
to the enhanced remanence effect as predicted by the theory. 3 
For the Ti-containing samples, iHc of the 1 at. % Ti added 

TABLE 11. Crystallization temperature ( T x ) and activation energy (E a ). T x 
was measured at a heating rate of 10 °C/min, E a calculated from the peak 
shift in DTA curves obtained at heating rates of 5, 10, and 15 °Gmin. 

Alloy N10T1 N9T2 N8T3 

r,(°C) 576 590 605 

£„ (kj/mole) 73 •• 119 
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FIG. 1. Dependence of Nd content on iHc value of flakes annealed at 
750 °C for 10 min. 

samples is higher than Ti-free samples. However, more Ti 
addition would result in a rapid deterioration of iHc due to 
the growth of a-Fe. Figure 2 shows the effect of annealing 
temperature on iHc of the Ti-free, the 1% Ti and 2% Ti 
alloys. It is manifest that the optimum annealing temperature 
ranges from 700 to 750 °C. The optimum temperature in¬ 
creases with Ti content. 

C. Microstructure features 

The grain size of a-Fe is measured by the peak¬ 
broadening technique in XRD calibrated against a pure iron 
sample with large grains (about 10 /am). The coercivity of 
flakes decreased rapidly with increasing particle size of a-Fe 
precipitates. Figure 3 shows the relationship between a-Fe 
particle size and coercivity for the annealed Ti-containing 
flakes. The theoretical predictions proposed by Skomski and 
Coey 3 and Schrefl et al. 5 have delineated similar behavior, 
also shown in Fig. 3. There is a discrepancy between the 
experimental results and the theoretical calculation by 
Schrefl et al. 5 In the figure the normalized coercivity (nor¬ 
malized by the theoretical nucleation field, 2 KJJ S , of the 


FIG. 3. Micromagnctic simulation (Ref. 5), Skomski’s modeling (Ref. 3), 
and experimental data of the effect of a-Fe particle size on the coercivity of 
flakes annealed at 750 °C for 10 min. 

hard magnetic phase) is twice as large as the experimental 
ones. This may arise from the fact that the theoretical mod¬ 
eling has the soft iron particles completely embedded within 
hard magnetic phase, while in the studied alloys, the free- 
iron particles are mostly free standing among Nd 2 Fe 14 B 
grains and partly embedded (particularly for smaller ones), 
as shown in Fig. 4. Nevertheless, the tendency is correct that 
the coercivity does drop dramatically when a-Fe particles 
grow up. The comparison between the experimental results 
and Skomski’s calculation is difficult because the size range 
is different. 

Figure 4 is a TEM micrograph taker, from N10T1 flakes 
annealed at 750 °C for 10 min. The flakes exhibit a fine grain 
structure with soft iron particles mostly free standing among 
and partly embedded in hard Nd 2 Fe 14 B phase. The grain size 
of the Nd 2 Fe 14 B phase ranges from 20 to 60 nm and the soft 
iron particles are generally less than 20 nm. It has proposed 
that fine Nd 2 Fe )4 B grains significantly contribute to the co¬ 
ercivity by acting as the domain-wall-pinning sites. The free- 
iron particles are smaller th.in single domain, so when a do¬ 
main wall sweep across it, large exchange anisotropy will be 













FIG. 5. A few larger grains found in annealed Nd 10 5 g Feg 4 | 1 B 3 29 Ti flakes; 
inset is the SAD pattern showing the 2-14-1 phase. 

encountered. 7 Similar results were also reported previously 
by Manaf et al. 4 When the particle size of a -Fe is further 
reduced, approaching the domain-wall width of hard 
Nd 2 Fe 14 B phase, the exchange interaction would suppress 
the reversible rotation of magnetization in the soft iron par¬ 
ticles and result in a significant rise of coercivity. 5 Figure 5 
shows a few larger grains found in N10T1 flakes, probably 
due to a gas-pocket trapped between ribbon and wheel sur¬ 
face. The selected area diffraction pattern (the inset) of the 
larger grains demonstrates a Nd 2 Fe 14 B phase structure. EDS 
analysis with an ultrafine electron probe (beam diameter 
~10 nm) indicates that Ti atoms are homogeneously distrib¬ 
uted between the Nd 2 Fe 14 B matrix and a-Fe particles. The 
chemical composition of free-iron particles was analyzed to 
be Fe 93.2 at. %, and Ti 2.9 at. %. 


IV. CONCLUDING REMARKS 

Ti-modified (a-Fe)-Nd 2 Fe 14 B nanocrystalline two-phase 
alloys with soft iron particles embedded in hard Nd 2 Fe 14 B 
matrix were prepare^ by melt spinning and annealing. The 
grain size of Nd 2 Fe 14 B is 20-60 nm while that of the soft 
iron particles is 11-30 nm. The coercivity of the annealed 
flakes decreased dramatically with increasing particle size of 
the free iron, following the same tendency of a theoretical 
calculation by Schrefl et al. The 1 at. % Ti-containing flakes 
show the highest coercivity of 11.1 kOe. Its ( BH) m value is 
about 16 MGOe despite the lower Nd and B content than 
stoichiometric Nd 2 Fe 14 B. 
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Magnetization processes in remanence enhanced materials 
(invited) (abstract) 
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Isotropic assemblies of hard and soft magnetic phases in nanocrystalline form have been produced 
by high energy ball milling and melt spinning. These materials exhibit remanence enhancement, i.e., 
the remanence exceeds 0.5Af sat , the value expected of an isotropic material. The phenomenon has 
been investigated using models in which interaction energy across the interfaces between 
magnetically hard and soft components is taken into account. An example of such a 
two-dimensional model will be discussed. Measurements have been made of the magnetic properties 
of SmFeN, Sm(Fe,Co), and NdFeB two phase nanocrystalline materials. All of them exhibit 
remanence enhancement. The time dependent behavior of materials exhibiting remanence 
enhancement is unusual. Magnetic viscosity occurs on both branches of recoil loops as well as on 
the initial magnetizing and demagnetizing curves. 
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Magnetic order and spin-flop transition in Co-Re multilayers 
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Polarized neutron reflectometry measurements were carried out on a thin-film Co-Re multilayer 
sample with Re thickness of 6 A which is at the peak of the first oscillation of the magnetoresistance. 
Antiferromagnetic coupling between successive Co layers is observed at in-plane magnetic fields 
below 0.1 T. Towards the low field end of this regime, the axes of the antiferromagnetic domains are 
distributed relatively uniformly in the sample plane but at ~0.1 T the moments flop perpendicular 
to the applied field. As the field is increased further, the Co moments are pulled into the field 
direction producing a partial ferromagnetic alignment. At 0.5 T, the highest field where the 
measurements have been made, the antiferromagnetic to ferromagnetic transition was found to be 
only ~50% complete, indicating that the saturation field required for Co-Re system is much higher 
than that for Co-Cu multilayers of similar layer spacing. 


I. INTRODUCTION 

Multilayers composed of a ferromagnetic metal (Co, Fe, 
Ni) 1 ' 5 separated by a nonmagnetic transition metal (such as 
Cu, Cr, Ru, and Ag) exhibit oscillatory interlayer magnetic 
coupling which has stimulated considerable fundamental and 
technological interest. In these materials, the coupling of ad¬ 
jacent magnetic layers oscillates between antiferromagnetic 
(AFM) and ferromagnetic (FM) alignment as a function of 
the nonmagnetic spacer thickness with a period about 10 A 
for most systems. 3 This period can be understood in terms of 
the Ruderman-Kittell-Kasuya-Yosida interaction and the 
topological character of the Fermi surface of the nonmag¬ 
netic spacer layer. 6 Further, a strong negative magnetoresis¬ 
tance has been found in such multilayer films when the ini¬ 
tial antiparallel magnetization alignment of adjacent layers is 
brought into parallel alignment by an external magnetic 
field. 1 As a result, the magnitude of the magnetoresistance 
oscillates with the nonmagnetic spacer thickness 2,3 and is 
attributed to spin-dependent scattering of the conduction 
electrons. 7 

We have recently demonstrated 8,9 that the magnetoresis¬ 
tivity of Co-Re multilayers also oscillates as a function of the 
Re layer thickness, with a small A R/R peak value of 1% and 
a large saturation field value near 1 T at low temperatures. 
Although the magnetoresistance is relatively small compared 
with other systems such as Co-Cu, the large fields required 
for the saturation of magnetoresistance are comparable with 
those in Co-Cu, indicating that the interlayer coupling is 
relatively strong for the Co-Re multilayers. In order to ex¬ 
amine the interlayer magnetic coupling in detail, we have 
undertaken a series of polarized neutron reflectivity measure¬ 


ments on a sample with a Re layer thickness of 6 A, chosen 
to be at the peak of the first oscillation of the magnetoresis¬ 
tance. Small angle spin-polarized neutron reflectometry is 
sensitive to both the nature of the interlayer coupling as well 
as the orientation of the internal magnetic axes with respect 
to the external applied magnetic field as has been shown for 
molecular-beam-epitaxy-grown (MBE) Co-Cu multilayers. 10 

II. EXPERIMENTAL DETAILS 

The sample studied was taken from a series of samples 11 
with layer structures substrate/Re(50 A)/[Co(24 A)/Re(t 
^)]x5o/R e (10 A) deposited on oxidized Si substrates using a 
modified single-source rf triode sputtering system. The addi¬ 
tional 10 A Re overlayer was included to inhibit oxidation of 
the Co layer immediately underneath. The deposition system 
was pumped to a base pressure ~1X 10~ 7 Torr before sputter 
deposition at a pressure of 4.0 mTorr argon and a rf power of 
88 W. With a substrate-target distance of 5.5 cm, typical 
deposition rates were 2.1 A/s for Co and 2.0 A/s for Re. The 
structural characterization of the samples was performed by 
low- and high-angle x-ray diffraction measurements. 9 Low- 
angle reflectivity data show three superlattice peaks, con¬ 
firming a well-defined composition modulation along the 
growth direction. In addition, high-angle x-ray diffraction 
data indicate coherent and highly textured structures with an 
hep [002] direction normal to the film plane. X-ray lin- 
ewidths suggest an in-plane grain size of about 200-300 A 
for this sample. 

The neutron reflectivity measurements were carried out 
at the NRU reactor, Chalk River, with the C5 spectrometer of 
the DUALSPEC facility. The spectrometer was fitted with a 
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2 Theta (degrees) 

Flo. 1. Polarized neutron scattering intensity as a function of the scattering 
angle 26 (2theta) at B =0.044 T. NSF scattering is plotted as filled circles 
and SF scattering as open circles. 

Cu 2 MnAl Heusler alloy monochromator and analyzer, a py¬ 
rolytic graphite filter, and a Mezei-type spin flipper tuned for 
the selected neutron wavelength of 2.37 A in the scattered 
beam. This setup allowed us to measure non-spin-flip (NSF) 
and spin-flip (SF) scattering of polarized neutrons by the 
sample. Since the Heusler alloy reflects only “spin down” 
neutrons the scattering processes correspond to 
S(G)dow n -dow n and S(0)d Own . up . The sample was mounted in 
a cryostat with a horizontal magnetic field almost parallel to 
the multilayer planes. A small misalignment of the field of 
~3° was required in order to avoid the neutron shadow 
caused by the liquid-helium feed tube for the lower part of 
the magnet. Specular reflectivity measurements were carried 
out at small glancing angles (<6°) with the scattering vector 
perpendicular to the multilayers. Sample temperatures were 
in the range from 4.2 to 250 K; only weak temperature de¬ 
pendences were observed and, in this paper, only low tem¬ 
perature data are presented. 

III. RESULTS AND DISCUSSION 

Magnetic neutron scattering is sensitive only to the com¬ 
ponents of the magnetic moment that are perpendicular to the 
scattering vector, i.e., that lie in the plane of the multilayer. 
Since the neutrons are polarized along the applied field B, 
the in-plane components of the moment parallel and perpen¬ 
dicular to B are observed as NSF and SF scattering, respec¬ 
tively. 

Neutron reflectivity curves measured at three values of B 
are shown in Figs. 1-3. In general, resolved peaks are ob¬ 
served at three regions of scattering angle. The large peak at 
very small angles arises mostly from the unscattered neu¬ 
trons. Additional small angle scattering is seen for the NSF 
channel due to finite critical angle for total external reflec¬ 
tion. No total external reflection is seen for the SF channel. 
Additional peaks are found at 20=4.5°, arising from the 
structural period of 30 A for this sample, and at 20=2.3°, 
corresponding to twice the structural period due to the AFM 
stacking of adjacent Co layers. 

At the lowest applied field {B =0.044 T), specular peaks 
at 20=2.3° are observed in both the NSF and SF scattering 
channels (Fig. 1), confirming that the interlayer magnetic 
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FIG. 2. Polarized neutron scattering intensity as a function of the scattering 
angle 2theta at B =0.123 T. NSF scattering is plotted as filled circles and SF 
scattering as open circles. 


order in the zero-field limit is AFM. The intensity ratio be¬ 
tween the SF and NSF peaks in Fig. 1 is 2:1, indicating that 
in-plane AFM order is predominantly oriented perpendicular 
to B but approximately 30% of the moments remain parallel 
to B at this value of the field. For antiferromagnetically 
coupled layers in an applied field the mag n “tic energy is 
reduced if the moments are perpendicular rattier than parallel 
to the field. The observation of APM peaks in both scattering 
channels at B =0.044 T therefore indicates that there is a 
small amount of in-plane anisotropy present for the Co lay¬ 
ers. A completely spin-flopped s^te of the sample, signaled 
by a purely SF scattering at the aFM peak position, is ob¬ 
served at 0.123 T (Fig. 2). Assuming the moment per unit 
area of each Co layer to be 3.5X1\T 4 G cm (M X *0,-1446 
GX24 A), we estimate the magnitude of the in-plane anisot¬ 
ropy to be —0.4 erg/cnT. 

In Fig. 2 (B =0.123 T) the small NSF peak at 20—4.5° is 
due to the establishment of a small net moment parallel to B. 
Note that the NSF signal in the corresponding range of Fig. 1 
is undetectable above the background. More recent low-field 
measurements (to be published elsewhere) 12 show that there 
is indeed a very weak peak at this position of purely nuclear 
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FIG. 3. Polarized neutron scattering intensity as a function of the scattering 
angle 2theta at B =0.50 T. NSF scattering is plotted as filled circles and SF 
scattering as open circles 
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origin [as confirmed by measurements of the two NSF cross 
sections, S(Q ) U p. U p and ^(t2)down*down]’ 

Measurements at fields ^0.3 T reveal the development 
of a FM component at the expense of AFM order. At B = 
0.5 T the intensity of the FM peak is almost equal to that of 
AFM peak, indicating that the AFM to FM transition is half¬ 
way complete (Fig. 3). This result is consistent with the 
variation of transverse magnetoresistance in a similar sample 
with t ~5 A, where A R/R is reduced to half of its zero-field 
value in an applied field of 0.5 T. 8 

IV. CONCLUSION 

Antiparallel alignment of the Co layer moments at low 
fields, development of a spin-flop state at intermediate fields, 
and a gradual transition to parallel alignment at high fields 
indicate a classical AFM order with relatively strong inter¬ 
layer coupling. Qualitatively similar behavior was found for 
MBE-grown Co-Cu multilayers 10 although significant FM 
order was also detected in AFM samples resulting from FM 
bridges due to pinholes in the films. Our sputtered Co-Re 
sample shows no low field FM order making it an ideal 
matrix for studying the spatial distribution of the magnetiza¬ 
tion in a system with antiferromagnctically coupled layers. 
Such an analysis is currently in progress. 12 
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A dependence of the interlayer exchange coupling coefficient A x 2 on the Co layer thickness has been 
observed in asymmetric Co(32 A)/Ru(f Ru )/Co(f 2 ) trilayer structures for several series within which 
/ Ru is a constant, As a function of the second Co layer thickness, the amplitude of A 12 varies 
significantly but the sign of A 12 does not change within each series. In both parallel and antiparallel 
coupled structures, the variation length A t 2 between the maximum and the minimum coupling 
strength is rather large (about 10 A) and consistent from series to series. 


I. INTRODUCTION 

Since the discovery of antiparallel coupling between Fe 
films across a Cr interlayer, 1 many studies have been done to 
evaluate the interlayer exchange coupling strength in various 
magnetic multilayer systems using ferromagnetic resonance 
(FMR) and Brillouin light scattering (BLS). 2 * 5 For a trilayer 
structure consisting of two ferromagnetic layers separated by 
a nonmagnetic spacer, the bilinear exchange coupling energy 
per unit surface area is defined as 

M,-M 2 

A ' 2 M,XM 2 ’ (l) 

where A,i is the exchange coupling coefficient and M, and 
M 2 are magnetization vectors in the first and second mag¬ 
netic layers, respectively. The sign of A 12 is chosen so that it 
is positive for an antiparallel coupled system and negative 
for a parallel coupled system. 

While most work is devoted to the oscillation behavior 
of the interlayer exchange coupling with increasing inter¬ 
layer thickness, little effort has been related to the depen¬ 
dence of the coupling on the thickness of the ferromagnetic 
layers. Recently, Bloemen et al , 6 have studied the coupling 
behavior in a (001) Co/Cu/Co trilayer structure with different 
Co layer thickness, and concluded that the interlayer cou¬ 
pling oscillates as a function of the Co layer thickness with a 
period of 6-7 A. Their results are consistent with the predic¬ 
tion by Barnas 7 and Bruno. 8 n Ah the theoretical calculation 
by Barnas and Bruno and the experimental evidence by 
Bloemen et al, are done in symmetric trilayer systems (i.e., 
in each sample, the first Co layer thickness r ( is equal to the 
second Co layer thickness r 2 ). In this paper we report the first 
experimental evidence for interlayer exchange coupling os¬ 
cillations as a function of the Co layer thickness in asymmet¬ 
ric Co(32 A)/Ru(r Ru )/Co(r 2 ) trilayer systems. The purpose 
for these series is (i) to observe the optic mode by creating an 
asymmetric anisotropy environment and (ii) to systemati¬ 
cally investigate the variation of the interlayer exchange cou¬ 
pling with the magnetic layer thickness. 

The interlayer coupling strength as well as the effective 
anisotropy energy within each magnetic layer has been 
evaluated using in-plane magnetization measurements and 
angular dependence of FMR measurements. In the antiparal¬ 


lel coupled in-plane magnetization curves, two transition 
fields H aiA =A u /M s X(llt 2 -l/t i ) and // cri> 2 =A 12 /M s 
X(l/r 2 +l/r,) exist which separate the antiparallel, canted, 
and saturation states. The two transition fields can be used to 
evaluate the coupling coefficient A 12 . However, the in-plane 
hysteresis loop for a parallel coupled system is degenerate 
with that of a noncoupled system and therefore cannot be 
used to evaluate the coupling strength. In contrast to the 
in-plane magnetization measurements, FMR can provide in¬ 
formation of the exchange coupling strength and effective 
anisotropy energy for both parallel and antiparallel coupled 
systems. 


11. EXPERIMENT 

The Co(32 A)/Ru(r Ru )/Co(/ 2 ) structures were prepared 
in ultrahigh vacuum by evaporation on freshly cleaved mica 
substrates. In each of the four series, the Ru layer thickness 
is a constant (t Ru =10, 12, 16, and 24 A, respectively) while 
t 2 varies from 8 to 32 A. Structure analysis using reflection 
high-energy electron diffraction and transmission electron 
microscopy indicates that the layers are grown epitaxially on 
the buffer layers, with good crystalline features and sharp 
interfaces. 

It has been found that the magnetization vectors of the 
two Co layers are strongly antiparallel coupled in series 1 
(r Ru = 10 A) and series II (f Ru —12 A), parallel coupled in 
series III (r Ru = 16 A), and antipaicllel coupled in series IV 
(f Ru =24 A). This is similar to the coupling behavior ob¬ 
served in symmetric structures. 9 Series I and II are in the first 
antiparallel coupled region and series IV is in the second 
antiparallel coupled region while series III is in the parallel 
coupled region with respect to the Ru thickness. In-plane 
magnetization measurements were performed using a super¬ 
conducting quantum interference device and alternating gra¬ 
dient force magnetometry magnetometers at room tempera¬ 
ture. FMR measurements at both Z-band (9.2 GHz) and 
K-band (23 GHz) frequencies have been performed at room 
temperature. The external field was rotated from the orienta¬ 
tion parallel to the film plane, 0 H = 90°, to the orientation 
perpendicular to the film plane, 0 H = 0°, in 10° steps. 
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FIG. 1. Typical in-planc antiparallel coupled magnetization curves for the 
asymmetric series Co(32 A)/Ru(10 A)/Co(r 2 ) at room temperature. The ar¬ 
rows indicate the two transition fields. 


III. RESULTS AND DISCUSSIONS 

All samples have an easy plane anisotropy energy when 
the second Co layer thickness f 2 s* 10 A. The saturation mag¬ 
netization M s per unit volume of Co is within 10% of the 
bulk Co value (1400 emu/cm 3 ) and is independent of the 
second Co layer thickness. No significant in-plane anisotropy 
field was found as expected for the hep structure in the Co 
and Ru layers having the c axis normal to the film plane. 
Series I, II, and IV show typical antiparallel coupled magne¬ 
tization curves, shown in Fig. 1. The in-plane saturation 
fields of 0-16 kOe in these samples suggest that a very strong 
antiparallel coupling exists between the Co layers. Upon de¬ 
creasing the second Co layer thickness t 2 , the remanent mag¬ 
netization increases and follows roughly the relation 
M r /M i =(r 1 -r 2 )/(fi + f 2 ) as expected. This shows the layer 
thickness is consistent from sample to sample. The well- 
defined shape of the hysteresis loops also indicates that the 
interlayer exchange coupling is quite uniform across the film 
plane. The coupling coefficient A i2 in series I and II were 
calculated using the two transition fields H ahl and // cn2 
which can be obtained from the curves. In the parallel 
coupled system (series III), a nearly square hysteresis loop 
was obtained and the in-plane saturation field is less than 100 
Oe for all of the samples in that series. 

The FMR measurements of series I and II show only the 
acousticlike mode. But, both acoustic- and opticlike modes 
were observed in series HI and IV. Therefore the angular 
dependence of resonance field was used to evaluate A 12 for 
series III and IV. With increasing B a , one mode always stays 
on the low field side of the other mode. This is different from 
the behavior of a noncou; .ed trilayer structure unless the two 
layers have significantly different g values, which is not ex¬ 
pected in these samples. 

Figure 2 shows that the amplitude of A n varies signifi¬ 
cantly as a function of the second Co layer thickness t 2 , but 
the sign does not change within each series. In the antiparal- 


FIG. 2. The coupling coefficient A 12 as a function of the second Co layer 
thickness, r 2 > for four asymmetric series (I, II, III, and IV) having the struc¬ 
ture of Co(32 A)/Ru(r Ru )/Co(» 2 ) with r Ru =10, 12, 16, and 24 A, respec¬ 
tively. The curves indicated by 0 and V are calculated using in-plane 
magnetization measurements, and the curves indicated by O and A are 
calculated using the FMR measurements. All results are at room tempera¬ 
ture. 


lei coupled systems (series I, II, IV), |A 12 | reaches maximum 
values (about 1.7, 1.5, and 0.18 ergs/cm 2 for series I, II, and 
IV, respectively) at / 2 —15 A, and minimum values (about 
1.0, 0.6, and 0.06 ergs/cm 2 for series I, II, and IV, respec¬ 
tively) at f 2 ~ 25 A. The variation amplitude, |Aj 2 *|-l/i™ n |, 
is on the same order as |A l2 | for each series which is larger 
than the theoretical predictions for the case of symmetric 
structure. 8 The variation length Af 2 ~10 A between maxi¬ 
mum and minimum coupling strength is also much larger 
than the value obtained by Bloemen et al. in symmetric 
structures. In the parallel coupled system (series III), |A 12 | 
reaches extreme values at f 2 ~ 20 and 30 A. |A 12 | is a mini¬ 
mum (about 0.01 crgs/cm 2 ) at r 2 ~ 20 A, and a maximum 
(about 0.17 ergs/cm 2 ) occurs at f 2 ~30 A. 

From the FMR data the effective uniaxial anisotropy 
field f/' 2l , which includes the demagnetization field 
-47 tMj and the perpendicular anisotropy field 2/C u2 ,/M s , 
was also evaluated for each Co layer. Figure 3 shows that 
//„ 2 , for the 32 A Co layer is a constant at -9.6 kG while 

//y 2 2 for the second Co layer increases with decreasing t 2 . 
The variation of H e u2 2 can be expressed as using a bulk 
contribution H and a surface contribution H s from each 
Co/Ru interface 

f2X< 2 = f 2 X< lk +2// s , (2) 

where is about -12.2 kG in these samples which 
agrees with the estimation using the demagnetization field 
(-17.6 kG) and the uniaxial anisotropy field (5.9 kG) of 
bulk Co. The surface anisotropy field H s is quite large in 
these samples and corresponds to a surface anisotropy energy 
of Aj-0.40 ergs/cm 2 . A negative H Q u2 2 was obtained when 
t 2 is less than 10 A, suggesting that the easy axis in the 
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FIG. 3. The evaluation of t t X Kli obtained from the FMR at 9.2 and 23 
GHz as a function of the second Co layer thickness r 2 for the Co(32 A)/ 
Ru(16 A)/Co(< 2 ) series at room temperature. The broken lines are the best 
fit using the expression described in the text. 

second Co layer is in the normal film plane as expected from 
the in-plane and normal plane magnetization measurements 
in very thin films. 

IV. CONCLUSION 

The variation of the interlayer exchange coupling with 
the Co layer thickness in the asymmetric Co/Ru/Co trilayer 


structures has been investigated using the in-plane magneti¬ 
zation and angular dependence of FMR measurements. The 
results show that the coupling strength depends on the mag¬ 
netic layer thickness. There is a significant variation of A n 
on increasing the second Co layer thickness in both parallel 
and antiparallel coupled systems. This might be due to the 
different Fabry-Perot-like interference of electron Bloch 
waves within the individual magnetic layers. No change of 
the sign of A u was observed in any of the series. The varia¬ 
tion period between the maximum and minimum values of 
A u is about 10 A which is larger than the predicated value 
ir/k F from the free electron model, suggesting that the dis¬ 
creteness of the magnetic layer thickness and the moment 
distribution may have to be taken into account. 10 
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A depen' 1 ' nee of the strength of the antiferromagnetic coupling across Cu on the Co layer thickness 
has bec.i observed. The Co thickness dependence displays two clear peaks consistent with the 
recently predicted oscillation period of 6.2 A Co. Apart from the two peaks also several small peaks 
are visible on a scale of about 1 monolayer Co. Free-electron calculations indicate that these rapid 
variations in strength may result from slight differences between the slopes and starting points of the 
two Co wedges that were involved in the experiment. 


Recent theoretical work by Bruno 1 and Barnas 2 has 
shown that the interlayer exchange coupling between two 
ferromagnetic (FM) layers across a nonmagnetic (NM) me¬ 
tallic spacer layer may oscillate not only with the thickness 
of this spacer but also with the thickness of the ferromag¬ 
netic layers. 

Systematic experimental studies investigating the de¬ 
tailed effect of the FM thickness upon the interlayer coupling 
are very scarce. Qiu et al? and Chen et al. 4 studied the Co/ 
Cu/Co (100) system for several Co thicknesses. However, 
their results were insufficient to reveal an oscillatory behav¬ 
ior. First experimental evidence for an oscillatory behavior as 
a function of the magnetic layer thickness was obtained by 
the present groups for a (001) Co/Ni/Co/Cu/Co/Ni/Co 
sandwich 5 and by Okuno and Inomata for Fe/Cr (100) 
multilayers. 6 In this article we summarize our experimental 
results 5 and discuss them using calculations based on the 
Bruno model. 1 Within the free-electron approximation, this 
model could be extended to include our experimental situa¬ 
tion viz. a situation of, in principle, unequal FM layers 
which, in addition consist of multiple different FM layers 
(three in our case, Co/Ni/Co). To interpret or predict the 
behavior of these at first sight more complicated systems it is 
useful to recall the mechanism from which an oscillation 
with a FM layer thickness originates. 

Bruno shows that the coupling problem can be described 
in terms of the reflection of electron waves at the potential 
steps at the various interfaces in the FM/NM/FM sandwich. 7 
Here, the nonzero exchange spitting of the conduction bands 
in the FM layers is responsible for a difference in potential 
step heights for spin-up and spin-down electrons. This causes 
the reflection amplitude to be spin dependent resulting in a 
magnetic coupling. The coupling strength is larger for larger 
differences between the reflection amplitudes for spin-up and 
spin-down electrons. An oscillatory dependence of the cou¬ 
pling strength on the thickness of the FM layers is then, as 
Bruno argues, simply a result of multiple reflections of elec¬ 
tron waves within the FM layers. 1 As in the case of light 
waves incident on a (multi)iayer, the effective reflection am¬ 
plitude of a layer (in our case a FM layer) is a result of the 
constructive and destructive interferences of the forward 


(transmitted) and backwards (reflected) traveling waves and 
depends upon the interplay between the layer thickness, the 
wavelength of the incident wave, and the wavelength within 
the reflecting medium. The latter is determined by the elec¬ 
tronic structure of the FM layers and follows, in the large 
thickness limit, from the relevant extremal Fermi surface 
(FS) spanning vectors of the FM layer. From this “electron- 
optics” picture it is thus clear that if a FM layer is composed 
of, for example, a multilayer made of several different FM 
layers, the effective reflection amplitude of such a multilayer 
(and thus the coupling) will oscillate with the thickness of 
any of the constituent FM layers. This is exactly the case for 
our experimental system. 

We have studied a molecular-beam-epitaxy-grown (001) 
Co/Ni/Co/Cu/Co/Ni/Co sandwich in which the two Co layers 
adjacent to the Cu spacer as well as the Cu spacer itself were 
deposited in the form of wedges oriented perpendicularly 
with respect to each other. This allowed for independent in¬ 
vestigation of the Cu and Co layer thickness dependence of 
the coupling across Cu(001) in a single sample. In this way 
experimental artifacts are avoided that are related to changes 
in (i) deposition conditions, (ii) substrate quality, and (iii) 
layer thickness—changes that otherwise would have oc¬ 
curred in a series of separate samples. Especially slight 
changes in a presumably fixed Cu spacer layer thickness in 
an experiment of varying magnetic layer thickness would 
cause problems in our case since the coupling strength is 
extremely sensitive to the precise Cu thickness because of 
the presence of a short period oscillation with a period of 
about 2.6 ML Cu. Note that the latter problem was not en¬ 
countered in the study of the sputtered Fe/Cr (100) samples 
of Okuno and Inomata 6 since only the long Cr period was 
present in their samples. 

Two samples (referred hereafter as samples I and II) 
have been investigated. The typical composition of the mag¬ 
netic layers in the samples was as follows: 30 A Co/15 A 
Ni/Co wedge (2.3 A/mm). Further compositional details and 
information regarding the structure of the layers as obtained 
from low energy electron diffraction experiments can be 
found in Ref. 5. 

The antiferromagnetic (AF) coupling behavior was in- 
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FIG. 1. The strength of the interlayer exchange coupling in the first and 
second AF peak as a function of the Co thickness for sample II. 


vestigated by measuring hysteresis loops via the longitudinal 
magneto-optical Kerr effect. The behavior as a function of 
the Cu thickness displays a superposition of a long and a 
short period oscillation, 5 in accordance with earlier 
observations. 8,9 The presence of the short period in both 
samples indicates that these samples are of high structural 
quality. The dependence on the Co thickness of the strength 
of the first two AF maxima (at *=9 A Cu and -M9 A Cu) for 
sample II is shown in Fig. 1. An oscillatorylike behavior with 
an apparent period of 6-7 A is observed in all experimental 
scans. From the electron-optics picture of Bruno it is imme¬ 
diately clear that this value is a property solely of Co. With 
varying Co thickness the effective reflection amplitude of the 
Co/Ni/Co FM layer (and thus the coupling) is modified in an 
oscillatory fashion with a period determined by the relevant 
wavelength in the Co layer. According to Bruno the latter is 
determined by the extremal spanning vector along the T-A" 
line [(100) growth] in the spin-down FS of fee Co. This 
vector yields a period of 3.5 ML or 6.2 A Co which is in very 
good agreement with the present experiment. However, the 
functional shape of the experimentally obtained variation 
with Co thickness does not resemble a fully regular oscilla¬ 
tory behavior. Considering for example the behavior of the 
second AF peak, the lower curve in Fig. 1, two clear peaks 
are visible whereas around the position where the third peak 
is expected three smaller peaks occur with a spacing of about 
2 A. This behavior seems in contradiction with theory. In 
particular from the aliasing effect one would expect that be¬ 
cause of the sampling at discrete Co planes, periodic varia¬ 
tions in coupling strength should only occur on a scale larger 
than 2 ML (3.6 A). This is true in the ideal situation. How¬ 
ever, in the present experiment two Co wedges are involved 
which may not be identical but may differ slightly in, e.g., 
their slope. In this respect we remark that with scanning 
Auge. electron spectroscopy (AES) the slopes were deter¬ 
mined to be equal within 10% accuracy. In order to evaluate 
the effect of unequal Co wedges on the experimentally ob¬ 
served behavior and in particular if it is possible to explain 
variations in coupling strength on a scale of 1 ML Co, we 


have extended the model of Bruno 1 to our experimental ge¬ 
ometry and performed a number of simulations. Before pro¬ 
ceeding with the results we briefly describe the steps that we 
have undertaken to adapt the model to our situation. 

First, to account for unequal wedges Eq. (4) in Ref. 1 is 
generalized to the case of unequal FM layers. As is clear 
from Ref. 1 this can be performed by a Taylor expansion of 
the first Eq. in Ref. 1. In principle this step is sufficient to 
evaluate if rapid variations in coupling strength may arise 
from unequal wedges. Second, to account for the effect of 
the two additional FM layers which are coupled to the Co 
wedge the model is extended to the case that each FM layer 
is composed of an arbitrary number of layers, i.e., to describe 
the system FM^/FM^/-/FM?/spacer/FM?/FM|/--/FM? with 
k and l integers denoting the number of FM layers of which 
FM layers a and b are composed, respectively. To our 
knowledge the latter step can only be made easily within the 
free-electron approximation. Within this approximation it is 
straightforward to calculate the effective reflection amplitude 
of each FM multilayer. Continuity of the wave functions 
(plane waves) and their derivative at the interfaces directly 
enables one to write down a recursion relation for the reflec¬ 
tion amplitude of an arbitrary multilayer. Using this relation 
instead of the Fabry-Perot formula given by Bruno [Eq. (5) 
in Ref. 1] allowed us to calculate the Co thickness depen¬ 
dence of the coupling for the situation in which the slopes of 
the Co wedges differ and their starting point do not coincide. 

The results of several calculations for 19.86 A Cu, i.e., 
for the strength of the second AF peak, are shown in Figs. 
2(a)-2(c). The calculated coupling strengths are normalized 
to the limit of infinite Co wedge thickness. In Fig. 2(a) the 
behavior is shown for the ideal case of two identical Co 
wedges. Here the aliasing effect is demonstrated for the Co 
dependence. The fundamental period \=7r//:}=2.49 A per¬ 
taining to the Fermi wave vector k\ of the spin-down fee Co 
FS, yields after aliasing (with 1.805 A Co ML thickness) a 
period of 6.1 A. In Fig. 2(b) the ideal case is again calcu¬ 
lated. However, for this calculation the situation that a Co 
layer consists of a nonintegral number of monolayers (in¬ 
complete coverage) is also calculated. This is done from a 
linear combination of the coupling across two independently 
patchy interfaces. Incomplete coverage is thus treated as fol¬ 
lows: We define J(n,m) as the coupling strength for the 
combination of n integral number of Co monolayers in Co 
wedge A and m monolayers in Co wedge B. The coupling 
./'(t A ,I B ) for the situation that the thicknesses t A and f B at 
Co wedge A and B, respectively, are a nonintegral number of 
monolayers is calculated from 

^'(^a^b) ==: ^(«^»)( 1 ~/ A )(l —/ B )+-/(«,"»+ 1) 

x (1 _ /a)/b+^(« + 1."i) 

X/ a ( 1 ~/b) +■/(« + l,m + l )/a/b- 

Here, / A(B) represent the fractional coverages defined by 
t A =n+f A and t u =m+f B with 0=£/ A(B) =sl. Considering Fig. 
2(b) it is clear that even for the ideal case of equal wedges, 
fractional coverages result in additional peaks like the small 
one between the third and fourth monolayer (±6 A). Such 
features are a direct result of the asymmetric Co layer thick- 
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FIG. 2. Free-electron calculations of the Co thickness dependence of the 
coupling strength for 30 A Co/15 A Ni/Co/19.86 A Cu/Co/15 A Ni/30 A Co. 
The values arc normalized to the strength of infinite Co thickness limit. 
Calculation parameters are k ^=1.471 A~',k | Co =1.261 A' 1 , kj Co = 1.363 
A-U} N, = 1.362 A -1 , Jfc »"*=1.389 A -1 (Ref. 10). 

ness combinations [(n,n + l) and (n + l,/i)]. It thus appears 
that for the present case in which two active layers are in¬ 
volved one is not allowed to make a linear interpolation 
[such as in Fig. 2(a)] between the situation in which both Co 
layers are n ML thick (n,n) and the situation in which both 
Co layers are n +1 ML thick [(« + 1 ,/t +1)]. The experimen¬ 
tally observed rapid variations in coupling strength may 
originate from this phenomenon. In an attempt to fit a free- 
electron calculation to the experimental strength dependence 
of the second AF peak (Fig. 1) we have tried a number of 
combinations for the wedge slopes and starting points of the 
Co wedges. Figure 2(c) shows a calculation in which the Co 
wedge slopes differed by about 10% from the AES deter¬ 
mined value of 2.3 A/mm viz. 2.5 A/mm for Co wedge A and 
2.1 A/mm for Co wedge B. In addition wedge A has been 
given an offset of 0.5 A with respect to wedge B. From the 
combinations we have tried it appeared that the first two 
peaks are relatively insensitive to modifications of the wedge 
parameters so that their separation remains a good measure 
for the oscillation period. The behavior at the larger Co 
thicknesses appears more susceptible. From Fig. 2(c) it is 
clear that the third and fourth peak may even disappear. In¬ 
stead three smaller peaks appear with a spacing which is 
considerably smaller than the 6.2 A oscillation period. The 
qualitative agreement with the experiment is striking, sug¬ 
gesting that the originally proposed interference/beating ef- 



FIG. 3. Free-electron calculation of the Co thickness dependence of the 
coupling strength for the first AF peak, i.e., for 30 A Co/15 A Ni/Co/7.22 A 
Cu/Co/15 A Ni/30 A Co. The values are normalized to the strength of 
infinite Co thickness limit. 

fects in Ref. 5 may not be necessary to explain the behavior 
at the larger Co thicknesses. We did not attempt to obtain a 
better fit by varying more parameters, e.g., by introducing a 
difference in the thicknesses of the two Ni layers which were 
adjacent to the Co wedges. One should realize that the 
present model, although it explains many of the observed 
features, is a free-electron approximation and therefore 
seems inappropriate to make a comparison with the experi¬ 
ment on a detailed level. This is also reflected by the calcu¬ 
lation shown in Fig. 3 representing the behavior for the first 
AF peak (calculation at 7.22 A Cu). Here, the same Co 
wedge parameters were used as those to obtain the reason¬ 
able fit for the second AF peak [Fig. 2(c)], The simulation 
does not display the smaller sharp features at the higher Co 
thicknesses such as observed in the experiment [the upper 
curve in Fig. 1], Instead the variations are more gradual. 
What does agree are again the important features. Apart from 
the ones we already mentioned it is seen that the relative 
oscillation amplitude for the first AF peak is smaller than 
that for the second AF peak, (compare Figs. 3 and 2(c)). This 
is in agreement with the experiment where the peaks as 
afunction of the Co thickness are more pronounced for the 
second AF peak than for the first AF peak (Fig. 1). 

The authors wish to express their gratitude to R Bruno 
for explaining the application of the complex-path integra¬ 
tion technique. 
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Cumulative interface roughness and its influence on the magnetization process in 
antiferromagneticaliy coupled (Ni 30 Co 2 o/Cu)XJV multilayers is studied. In these multilayers, Cu and 
NigoCojo thicknesses are fixed at 20 and 15 A, respectively, in order to obtain the antiferromagnetic 
coupling at the second oscillation peak of giant magnetoresistance (GMR) versus Cu thickness. 

Low-angle x-ray reflectivity measurements show that cumulative interface roughness increases with 
increasing bilayer number N. In-plane magnetization hysteresis measured with both SQUID and 
surface magneto-optic Kerr effect (SMOKE) magnetometers are compared. When the cumulative 
interface roughness is significant, SMOKE hysteresis loops, which are sensitive to the top 5 or 6 
magnetic layers, display a nonlinear plateau region at small fields. Comparison of low-angle x-ray, 
and SMOKE results show that interfaces of relatively high quality in top layers only exist for 
sputtered multilayer with /V<10. 


INTRODUCTION 

Reports of antiferromagnetic (AF) interlayer coupling 
and the associated giant magnetoresistance (GMR) in Cu- 
spaced ferromagnetic multilayers, such as Co/Cu, 1,2 
NiFe/Cu, 3 NiFeCo/Cu, 4 and NiCo/Cu, 5 ' 6 have stimulated 
great interest in these materials. Within each magnetic layer, 
demagnetizing fields due to the layer’s shape anisotropy sta¬ 
bilize the in-plane easy axes. The AF coupling of neighbor¬ 
ing magnetic layers results in net zero magnetization in the 
multilayers at zero field. 6 The application of in-plane fields 
align the magnetic moments through in-plane rotation. Be¬ 
low saturation in the absence of any in-plane anisotropy 
there is a linear relation between the magnetization M and 
the applied magnetic field H : 7 


Where J is the AF coupling constant between two neighbor¬ 
ing magnetic layers, t M and M s are, respectively, the thick¬ 
ness and saturation magnetization of each magnetic layer. 
Therefore, J can be obtained from magnetization hysteresis 
loops. 

Theoretical analysis based on the RKKY model predicts 
that the AF coupling is weakened by the introduction of in¬ 
terface roughness, 8 whereas experiments explicitly show that 
inteiface .oughness introduced by changing the sputtering 
p.... meters can enhance the GMR effect. 9 In this paper, we 
report specifically on the effects of cumulative interface 
roughness on the magnetic properties of AF-coupled multi¬ 
layers. The cumulative interface roughness is the accumula¬ 
tion of small intrinsic interface roughness in each layer; 10 its 
effects become more pronounced when the number of bilay¬ 
ers increases. Magnetization measurements from a SQUID 
magnetometer, which measures the effects of the overall in¬ 
terface roughness, are compared to surface magneto-optic 
Kerr effect (SMOKE) measurements, which are sensitive 
only to the top few layers where the cumulative interface 
roughness reaches its maximum value. SMOKE measure¬ 


ments for multilayers with a different bilayer number can, 
therefore, show direct information on the effects of cumula¬ 
tive interface roughness on the magnetization process in AF- 
coupled multilayers. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Previous experiments 5,6 have shown that Ni 80 Co 2 o/Cu 
multilayers exhibit an oscillatory GMR as a function of Cu 
spacer thickness and a well-defined simple AF ordering for 
Cu spacer thickness at 20 A. In the present work (Ni 80 Co 20 15 
A/Cu 20 k)XN multilayers with 50-A Ni 80 Co 20 buffer layer 
were deposited on Si wafers, by dc magnetron sputtering at 
room temperature. The base pressure before deposition was 
2X10 -7 Torr. With a sputtering pressure of 8.0 mT of argon, 
the deposition rates determined from the measured thickness 
of single films by low-angle x-ray reflectivity measurements 
were 1.5 ,\s for Ni 80 Co 20 and 1.6 A/s for Cu. A series of 
samples with N varying from 8 to 100 were prepared. Low- 
angle x-ray reflectivity measurements were performed for 
layer and interface characterizations and for estimating the 
cumulative interface roughness as a function ol the bilayer 
number N. The room-temperature in-plane magnetization of 
the samples was measured using a SQUID magnetometer. 
The magnetization of the top few layers was studied using 
SMOKE magnetometer. 

Figure 1 shows low-angle x-ray reflectivity results for 
the typical samples with different bilayer number N. All 
samples exhibit clear first-order superlattice Bragg peaks al¬ 
though the electronic contrast between the two constituent 
layers is very small. With increasing N, the second-order 
superlattice Bragg peaks are gradually damped, suggesting 
an increase of interface roughness." Clear thickness oscilla¬ 
tions (or lattice fringes) between superlattice Bragg peaks are 
observed for samples with A<15. For a finite thickness 
(<1000 A) of the film, suppressing of the lattice fringes with 
increasing N is also partially correlated to the increased outer 
surface roughness. 12 The low-angle x-ray reflectivity has 
been analyzed using an optical model. 12 From the fit to the 
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FIG. 1. Low-angle 0-26 x-ray diffraction spectra of a selected series of 
(NigoCo.o IS A/Cu 20 A)XN multilayers. For clarity, the curves have been 
displaced vertically. 


data the interface roughness and the outer surface roughness 
can be derived. Figure 2 shows that the outer surface rough¬ 
ness a s increases monotonically with increasing N. Intensi¬ 
ties of second-order superlattice peaks, which decrease with 
increasing N, is also shown in Fig. 2. 

Figure 3(a) shows the overall in-plane magnetization 
measured with a SQUID magnetometer for a (Ni 80 Co 20 15 
A/Cu 20 A)X45 multilayer having moderate cumulative inter¬ 
face roughness. Slight deviation from linear magnetization is 
observed near a critical field H f . Figure 3(b) shows the mag¬ 
netization of the top few layers measured using SMOKE. 
The deviation from a linear curve is more pronounced than it 
is for the SQUID curve which represents the average mag¬ 
netization of the whole multilayer. Since SMOKE measure¬ 
ments were made using the 6328-A He-Ne laser which has a 
penetration depth of approximately 200 A, the SMOKE hys¬ 
teresis loop typically represents the magnetic property of the 
top 5 or 6 bilayers of multilayer. 

For samples with N=8 both SQUID and SMOKE mea¬ 
surements show linear M-H relations below saturation 
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FIG 2. Dependence of </, and / on N Here cr, is the oulersurface rough¬ 
ness, and 1 the intensity of second-order superlattice Bragg peaks. 




FIG 2. Magnetization of a typical (Ni 80 Co M 15 A/Cu 20 A)X45 sample 
measured by (a) SQUID (normalized to Af s ), and (b) SMOKE (arbitrary 
unit). It is indicated that the nonlinearity of the magnetization curve can be 
observed near a critical field H f . 


fields. The saturation moment M s of the 15-A Ni 80 Co 20 layer 
is about 620 emu/cm 3 , which yields a value of 7~5.8X10 -3 
erg/cm 2 for the second AF coupling peak in Ni g0 Co 20 /Cu 
multilayers. 6 This value is much smaller than the strength of 
the second AF coupling peaks found in other Cu-based 
multilayer systems, 2-4 indicating a very weak AF coupling 
between adjacent Ni 80 Co 2() magnetic layers across 20-A- 
thick Cu spacer layers. The M s values measured with the 
SQUID magnetometer do not depend on (V. This implies that 
the intermixing at the interfaces is not changing significantly 
with increased cumulative interface roughness. 

Figure 4 shows SMOKE measurements for different b ! 



FIG. 4. SMOKE magnetization measurements of samples with different 
bilayer numbers, (a) N= 8, (b) N= 15, and (c) N= 100 Two critical fields, 
i.c, saturation fields //, and flip fields Hf, are indicated in the figures. 
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layer numbers. Figure 4(a) shows that the magnetization re¬ 
lation is nearly linear below saturation fields for the sample 
with N =8 where the interfaces are presumably flat. Figure 
4(b) shows the result for the sample with IV=15, where a 
plateau region with a relatively small slope is observed at 
low fields, and failure of the linear M-H relation is clearly 
seen. As the bilayer number N increases up to 100, the cu¬ 
mulative interface roughness is considerably large, and the 
plateau region becomes more striking as indicated in Fig. 
4(c). From low-angle x-ray reflectivity analyses and SMOKE 
measurements, we conclude that the nonlinear M-H behav¬ 
ior in samples with large N are related to cumulative inter¬ 
face roughness which becomes significant as the bilayer 
stacking increases. 

In some layered structures with nonideal interfaces, ter¬ 
raced interface roughness results in an extrinsic biquadratic 
coupling between ferromagnetic layers in the presence of 
intrinsic bilinear coupling. 13 Although the nonlinearity of the 
M-H curve observed in Ni 80 Co 20 /Cu multilayers could, in 
principle, be explained by an additional biquadratic coupling 
term, a preliminary calculation indicates that the coefficient 
of this term is positive. However, previous studies have 
shown the sign of the biquadratic coupling to be 
negative. 13 ' 15 In a multilayer with cumulative interface 
roughness, the profile correlation among consecutive inter¬ 
faces increases toward the top of multilayer, 10 which distin¬ 
guishes this type of roughness from other structural imper¬ 
fections (e.g., the layer’s terraced thickness fluctuation, etc.). 
We consider that such a cumulative roughness may produce 
a local magnetic anisotropy that is likely to be related to the 
interface and surface strains. Qualitatively, the two critical 
points (i.e., H f and H s ) identified in an M-H loop for a 
rougher sample, as illustrated in Fig. 4(c), should correspond 
to the strong- and weak-coupling limits of the exchange with 
respect to the anisotropy. 16 Modeling such an extrinsic 
roughness-related anisotropy is undertaken in order to inter¬ 
pret quantitatively the unusual magnetization behavior. 

CONCLUSIONS 

We have studied the cumulative interface roughness and 
its effect on magnetization in AF-coupled multilayers 


(Ni go Co2ol5 A/Cul5 k)XN using x-ray reflectivity and 
SMOKE. Both experiments show that interface roughness 
increases with an increasing number of bilayer period. 
SMOKE measurements are sensitive to the roughest region 
of the sample, namely the top several layers. Relatively flat 
interfaces only exist in sputtered multilayers with bilayer 
number JV<10 for which SMOKE magnetization curves are 
linear below saturation fields as predicted from Eq. (1). As 
superlattice periods increase, deviation from linearity in 
M-H curves gradually becomes large, which can be attrib¬ 
uted to a roughness-related extrinsic anisotropy. 

We acknowledge the financial support from the Natural 
Sciences and Engineering Research Council of Canada, and 
Fonds FCAR du Quebec. 
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Coercivity and magnetization process versus dipolar coupling 
in Ni8oFe 2 o/Cu/Co/Cu spin valves 

R. Kergoat and J. Miltat 

Laboratoire de Physique des Solides, Universite Paris Sud-CNRS, Orsay, France 

T. Valet and R. Jerome 

LCR-THOMSON, Laboratoire des Technologies Magnetiques, Orsay, France 

The elaboration of four different sample types, namely, isolated NiFe or Co layers in their Cu 
environment and full, exchange decoupled, [Cu/NiFe/Cu/Co/Cu] periods with either the Co or NiFe 
layers in the vicinity of the free surface has allowed for a detailed study of the magnetization process 
of the constitutive layers of one period of a “hard-soft”-type spin valve. The domain distribution 
and magnetization fluctuations within domains have been monitored by Kerr microscopy. The 
experiments point to a strong influence of dipolar coupling on the properties of the soft permalloy 
layer, with a dramatic increase of the NiFe film coercive field with respect to the corresponding 
quantity in an isolated NiFe layer. The macromagnetization fluctuations detected in the NiFe layer 
appear most likely linked to fluctuations of low amplitude occurring in the Co layer in the vicinity 
of the NiFe coercive field. 


I. INTRODUCTION 

A recent study 1 of magnetization reversal in ferromag- 
neticaliy exchange coupled [Ni 80 Fe 20 /Cu/Co] sputtered mul¬ 
tilayers revealed the existence of strong magnetization fluc¬ 
tuations in the soft layers of those artificial stacks consisting 
of piled-up hard and soft magnetic layers separated by a 
nonmagnetic spacer. Fluctuations were ascribed to the exist¬ 
ence of a random distribution of the cubic anisotropy axes in 
the polycrystalline Co layers. 2 On the other hand, previous 
experiments in exchange uncoupled, hard-soft-type, three- 
layer [PtCo/SiO^iFe] structures 3 pointed to the influence 
of dipolar interactions on the magnetic properties of the soft 
layer. Moreover, a field dependent magnetostatic coupling 
was also found to operate between the two soft layers of a 
[NiFeCo/Au/NiFe] sandwich film and mediated by the rip¬ 
pling of magnetization. 4 

Since a significant increase of the Permalloy coercivity 
seems to be a common observation in the [Ni go Fe 2 o/Cu/Co] 
system, 5,6 a property detrimental to the use of such systems 
as low field, high magnetoresistance sensors, the ultimate 
aim of this study is to weigh the respective influences of 
exchange and dipolar couplings on this phenomenon. The 
present work, however, is limited to an analysis of the mag¬ 
netization process and coercivity under conditions of a sole 
magnetostatic coupling. 

II. EXPERIMENT 

Experiments carried out for this work include VSM 
magnetometry and Kerr optical microscopy. Two different 
types of samples have been studied. Samples of the first spe¬ 
cies are made of sputtered [50 A Cu/M/30 A Cu] layers 
grown over a 50 A Cr buffer deposited on (100) Si sub¬ 
strates, where M is either a 100-A thick Ni 80 Fe 20 or a 50-A 
Co layer. Such samples are useful to separately investigate 
the magnetic domain structures of a single layer, whether 
hard (Co) or soft (NiFe). In these reference samples, the 
environment of each isolated magnetic layer is identical to 
that found in the more complex stacks described hereafter. 
The two other samples are composed by one period of a spin 


valve, respectively [Si(100)/50 A Cr/50 A Cu/100 A 
Ni 80 Fe 20 /100 A Cu/50 A Co/30 A Cu] and the symmetrical 
stacking, i.e., [Si (100/50 A Cr/50 A Cu/50 A Co/100 A 
Cu/100 A Ni 80 Fe 2(> /30 A Cu], In these artificial structures, 
the Cu spacer thickness has been chosen to be sufficiently 
large in order to solely retain a dipolar coupling between the 
magnetic layers. Besides, since no magnetic field was ap¬ 
plied during the sputtering process, virtually anisotropy-free 
samples were obtained. 

For each sample, following the application of a satura¬ 
tion field along a selected in-plane direction, a domain pat¬ 
tern is first nucleated under reverse field H, the magnitude of 
which is stack dependent. The pattern is then observed under 
two different illumination conditions. For instance, in the 
figures labeled (a), the trace of the plane of incidence for the 
probing light is parallel to the saturation field. A first differ¬ 
ence image (pattern minus saturated state) provides a picture 
of the domain distribution with a magnetization either paral¬ 
lel or antiparallel to H. A 90° rotation of the sample or of the 
plane of incidence followed by a second difference image 
(saturated state minus pattern) reveals, since the plane of 
incidence is now perpendicular to the average magnetization 
direction in each domain, the magnetization fluctuations 
within domains [figures labeled (b)]. 

In samples incorporating a single NiFe magnetic layer, 
magnetization reversal occurs through the nucleation of large 
lateral size domains, typically a few hundred microns wide. 
For instance, two domains with opposite magnetizations are 
shown in Fig. 1(a) (//«*—2 Oe). The nonuniformity of the 
contrast in the domain with magnetization parallel to the 
saturated state (the white domain) already points to the ex¬ 
istence of magnetization fluctuations within domains, a fact 
confirmed by the observations in Fig. 1(b). Due to the weak 
contrast observed in Fig. 1(b), the existence of only small 
amplitude fluctuations is inferred. The coercive field amounts 
to ^l.S Oe [Fig. 1(c)] whereas the tilted shape of the hys¬ 
teresis loop may be ascribed to the existence of a range of 
nucleation fields within a sample with a fairly macroscopic 
lateral size (cm range) and/or correlated to the ripening of 
magnetization fluctuations. 
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FIG. 1. Two similar domain structures generated under reverse H field 
(//«■-2 Oe), observed in a single NiFc magnetic film bounded by two Cu 
layers, (a) Plane of incidence i.p.||H; (b) i.p_l.H; (c) is the corresponding 
hysteresis loop. 


FIG. 2. Two similar domain structures generated under reverse H field 
(W~-37 Oe), observed in a single Co magnetic film bounded by two Cu 
layers, (a) Plane of incidence i.p.||H; (b) i.p.XH; (c) is the corresponding 
hysteresis loop. 


A much more irregular pattern is observed under reverse 
field in samples consisting of a single (fee) Co magnetic 
layer [Fig. 2(a)]. Figure 2(b) exhibits the intensity modula¬ 
tions inside a domain of nonreverse magnetization [light 
grey shade domains in Fig. 2(a)], as recorded at the onset of 
magnetization reversal [=-37 Oe to be compared to 
H c *>-60 Oe: Fig. 2(c)]. When compared to Fig. 1(b), much 
more pronounced image intensity variations, hence wide am¬ 
plitude magnetization fluctuations, are observed in the iso¬ 
lated Co layer. [The overall morphology of these fluctuations 
appears consistent with previous observations in ferromag- 
netically coupled multilayers, 1 although the spatial wave¬ 
length of the fluctuations proves to be smaller in the present 
case of a single Co layer.] 

In samples made of a full spin-valve period, the thick¬ 
nesses of the various layers have been tailored such as to 
solely gain information on the reversal of the top magnetic 
layer in a Kerr experiment (penetration depth of the light of 
the order of 200 A). Conversely, VSM experiments are sen¬ 
sitive to both magnetic layers. Hysteresis loops measured 
from the symmetrical structures are qualitatively identical 
[Figs. 3(c) and 4(c)] although the coercive fields of the Co 
layers vary appreciably, probably a microstructure related 
phenomenon. The typical shapes of the hysteresis loops 
clearly indicate that the two magnetic layers are exchange 
uncoupled. Both VSM measurements and Kerr imaging ex¬ 
periments reveal strong changes in the magnetic prope r ties 
of the NiFe layer. A significant increase of the NiFe coercive 
field is first detected (2=8 Oe, a value deduced from the mi¬ 
nor hysteresis loop of Fig. 3c, to be compared to the 1.5 Oe 


value found in a single NiFe layer). Hence, independent of 
the variations in the Co layer coercive field, the coercive 
field of the NiFe layers amounts to 4-5 times the value 
typical of an isolated layer. Besides, Kerr imaging shows that 
magnetization reversal now takes place in the NiFe layer 
through the nucleation, under reverse field, of considerably 
smaller size domains. Domain nucleation proves quasihomo- 
geneous, followed by some degree of domain collapse and 
merging whereas the typical domain size does not exceed a 
few microns. For instance, Fig. 3(a) exhibits in a f/= -14 
Oe reverse field, a finely subdivided domain pattern to be 
compared to the coarse structure in Fig. 1(a) pertaining to an 
isolated NiFe layer. Notwithstanding the change in the Co 
layers coercive field values, the domains observed in Fig. 
3(a) prove to be still larger than those encountered in the 
hard (Co) layer of a full period [Fig. 4(a)]. The average do¬ 
main size in a full stack always appears smaller than the 
corresponding quantity in a single Co layer [Fig. 2(a)], The 
size of the smallest domains observed is comparable with the 
spatial resolution of the Kerr microscope, namely =3000 A. 
Thus, they are made of only a few exchange coupled grains 
in these virtually untextured samples with grain sizes ranging 
from 500 to 1000 A. Magnetization fluctuations of extremely 
high amplitude (as large as =±90°) may be detected in the 
NiFe layer under proper illumination and polarization condi¬ 
tions [Fig. 3(b)J. The correlation between the patterns in 
Figs. 3(a) and 3(b) becomes more explicit when looking at 
Fig. 3(a) at glancing angle after rotating the Kerr micrograph 
by 90°. Magnetization fluctuations of very low amplitude are 
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FIG. 3. Two similar domain structures generated under reverse H field 
(//«*■-14 Oe), observed in (he NiFc layer of one spin-valve Cu/Co/Cu/ 
NiFe/Cu full period, (a) Plane of incidence t.p.||H; (b) i.p.lH; (c) is the 
corresponding hysteresis loop including the minor loop of the NiFe layer. 


first detected in the Co layer for applied field values as small 
as -15 Oe, a low value in comparison with the coercive field 
of the Co layer but close to the NiFe layer coercive field 
[<«-14 Oe in Fig. 3(c)]. Fluctuations of higher amplitude are 
seen for larger field values, e.g., -75 Oe [Fig. 4(b)], a value 
close to the coercive field of the Co film. 


III. DISCUSSION AND CONCLUSION 

A clear increase of the coercivity of a “hard-soft”-type 
stack as a function of decreasing spacer thickness was 
brought into evidence by the work of Hill and McCullough. 3 
For the system considered, any coupling effect seems to van¬ 
ish for spacer thicknesses above «=2000 A, Such an experi¬ 
ment was not reproduced here. However, the thickness of the 
Cu spacer layers used in this work clearly lie above the 
threshold for indirect exchange coupling 6 and safely under 
the limit of dipolar coupling to be inferred from Ref. 3. It 
follows that the magnetization fluctuations detected in the 
NiFe layer may only be assumed to be linked to the fluctua¬ 
tions of moderate amplitude detected in the Co layer for field 
values close to the coercive field of the NiFe layer in a 
“hard-soft” environment. In more general terms, the ob¬ 
served phenomena appear to result from an interplay be¬ 
tween microstructure and dipolar coupling across the 100-A 
Cu spacer layer. A random 3D (2D) orientation of the cubic 
anisotropy axes in a nontextured l[lll] textured) Co layer is 
bound to induce magnetization inhomogeneities in the hard 
layer, hence magnetization divergences which act as sources 
of stray field. One may be reminded that, at least in its hep 
phase, the quality factor KI2ttM 2 of cobalt is less than, but 
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FIG. 4. T\vo similar domain structures generated under reverse H field 
(//<“- 75 Oe), observed in the Co layer of one spin-valve Cu/NiFe/Cu/ 
Co/Cu full period, (a) Plane of incidence i.p ||H, (b) i.p_LH, (c) is the cor¬ 
responding hysteresis loop. 


close to 1. Therefore, a regime of strong correlations be¬ 
tween anisotropy driven magnetization fluctuations and dipo¬ 
lar interactions is anticipated to establish itself, even in a 
single Co film, as illustrated in Fig. 2. 

In addition, the sputtering process promotes columnar 
growth, implying a high degree of coherence between the 
cubic axes of the fee Co and fee NiFe layers. Magnetization 
fluctuations in the soft layer thus should arise not only from 
magnetostatic interactions between the soft and hard layers, 
but also from the distribution of cubic anisotropy axes in the 
soft layer, with potentially different responses as a function 
of texturing. 

Because of an anticipated strong correlation regime, per¬ 
turbation approaches may hardly be considered as relevant. 
Although this work fails to provide some modeling of the 
observed phenomena, it clearly demonstrates the existence of 
macrofluctuations with a specific spatial wavelength range 
which appeals to a comparison with numerical simulation 
data in disordered, dipolar and/or exchange coupled media. 
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Observation of large biquadratic coupling of FeCo through Mn (invited) 
(abstract) 

M. E. Filipkowski, a> C. J. Gutierrez, b) J. J. Krebs, and G. A. Prinz 

U. S. Naval Research Laboratory, Washington DC 20375-5000 

A new system, exhibiting unusually large interlayer biquadratic exchange coupling, has been 
discovered, consisting of single crystal FeCo/Mn/FeCo sandwiches epitaxially grown on GaAs 
substrates. Normalized m{H) curves yield a remanent moment of approximately 0.5 for all cases 
studied, with a number of examples having saturation fields as large as several Tesla. This implies 
a biquadratic coupling constant as large or larger than many known bilinear coupling constants. 

None of the normalized m(H) data exhibits a remanence of less than 0.5, indicating the absence of 
comparable contributions from bilinear coupling. Angular dependent FMR at 9 GHz implies a 
fourfold anisotropy of opposite sign to that measured for single FeCo layers, whereas FMR at 35 
GHz agrees in sign with the single layer anisotropy. Detailed analysis of this contradiction shows 
that this is an apparent anisotropy reversal which emerges within the theory of FMR in the presence 
of large biquadratic coupling, requiring values of the coupling constant in excess of — y 2 = 2 
ergs/cm 2 , where the coupling term in the energy is written */ 2 [( m i * m 2 )/ /n i /?I 2 ] 2 - This l ar g e 
biquadratic coupling, together with the absence of bilinear coupling, appears to contradict existing 
theories of interlayer exchange. 
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Magnetic dipole mechanism for biquadratic interlayer coupling (abstract) 
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IFF, Forschungszentrum Jiilich, Julich, Germany 

Ivan K. Schuller 

University of California, San Diego, La Jolla, California 92093 

A mechanism resulting in biquadratic interlayer coupling is proposed and analyzed theoretically. 

This mechanism is connected with the magnetic dipole field, created by magnetic layers with 
roughness. This field decays exponentially with the distance from the layer, but it shows oscillating 
behavior in the lateral direction. The scale of both exponential and oscillating dependencies 
corresponds to the scale of the interface roughness and can reach 20-30 nm. The oscillating 
variation of the field makes 90° alignment of the magnetization energetically favorable in analogy 
to the Slonczewski’s mechanism. 1 Computer simulations and estimates show that this mechanism 
can provide a coupling strength of the order of 0.01 erg/cm 2 for Fe films with 1 nm interlayer 
thickness. The part of the work done in Moscow and Jiielich was supported by Collaborative 
Research Grant CRG 921170 of the NATO Scientific Exchange Programmes. Work at UCSD was 
supported by the U. S. National Science Foundation. One of us (E.Ts.) is pleased to thank the 
Alexander von Humboldt Foundation for support. 
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Polarized neutron reflectivity studies of biquadratic coupling 

in [Fe/Cr] (100) and [Fe/AI] (100) superlattices and films (invited) (abstract) 
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Forschungszentrum Jiilich, D-52425 Jiilich, Germany 
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Naval Research Laboratory, Washington, DC 20375 

Sensitivity to magnetic atoms and low intrinsic absorption characterize the interaction of neutrons 
with matter. Consequently, polarized neutron reflectivity provides a unique means of performing 
depth-resolved vector magnetometry. We have used this technique to determine the magnetization 
depth profiles of Fe/Cr superlattices. Superlattices of bilayer composition [55 A Fe/17 A Cr], grown 
at 523 K, exhibit biquadratic coupling with large saturation fields (~3 kOe), while those grown at 
293 K are ferromagnetically ordered. We have directly measured the evolution of the coupling angle 
between adjacent Fe layers as a function of applied field and will discuss how bilinear, biquadratic, 
and external field terms produce the observed order. The weaker coupling found in the Fe/AI system 
makes possible the investigation of a range of spin configurations at temperatures that do not 
endanger the sample. We have mapped the phase diagram of a [42 A Fe/12 A Al/39 A Fe] (100) 
trilayer and find evidence of biquadratic coupling at low temperatures and fields (e.g., when H = 180 
Oe, the Fe layer spins relax away from ferromagnetic alignment below 7^ 170 K). Our 
measurements agree qualitatively with energy minimization calculations and the results of bulk 
magnetometry. 
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In a previous work, a realistic three-dimensional 3-D Ising model of FeCl 2 was stujied. It consists 
of triangular lattice planes stacked along the c axis of the crystal, with the following interactions: a 
nearest neighbor (nn) ferromagnetic one competing with a next-nearest-neighbor (nnn) 
antiferromagnetic interaction, which causes some degree of frustration in the plane, the planes being 
weakly coupled by an antiferromagnetic interaction. In fact, the latter is a superexchange interaction, 
and we have taken into account all the equivalent superexchange paths in the sense of the Anderson 
rule, which amounts to 12 neighbors in each one of the adjacent planes. In this work we present the 
preliminary results of a study of the critical exponents of this model using the Monte Carlo 
histogram method and finite size scaling. The interest of such study lies in the layered structure of 
this system, which might have an effect on its effective dimensionality at the transition point, and 
also in the effects of frustration, as well as those of superexchange interactions on the critical 
exponents. We also show the results obtained by the same method, on the critical exponents of the 
diluted system in the zero and low magnetic field. 


I. INTRODUCTION 

FeCL and FeBr 2 are prototype systems for the study of 
magnetic phase transitions since a long time ago. They show 
the outstanding feature of being associated to the different 
steps in the progress of the knowledge of this fi. Id. After the 
first results showing their metamagnetic character,' much ef¬ 
fort has been done to describe their critical behavior. In par¬ 
ticular, the experimental works of Jacobs and Laurence 2,3 
and Vettier 6 have given a detailed description of their phase 
diagram in a magnetic field. Neutron scattering 
experiments 4-6 have provided us with the values of the rel¬ 
evant interaction constants. 

Some theoretical Hamiltonian models showing this kind 
of metamagnetic phase transition have also been piuposed. 
Harbus and Stanley 7 have performed a high temperature se¬ 
ries expansion on a simple cubic lattice Ising model with 
in-plane ferromagnetic coupling and antiferromagnetic cou¬ 
pling of the planes (the “meta” model) and on the “nnn 
model” 8 consisting of a simple cubic Ising lattice with iso¬ 
tropic antiferromagnetic nearest neighbors (nn) and ferro¬ 
magnetic next-nearest-neighbors (nnn) interactions. 

Landau, 9 in a Monte Carlo study of antiferromagnetic 
Ising simple cubic and simple square lattices with nn antifer¬ 
romagnetic and nnn ferromagnetic coupling, has also found a 
tricritical behavior. 

However, all these models considered only the simplest 
lattice structures (square and simple cubic), without taking 
into account other features appearing in FeCl 2 and FeBr 2 : 
high anisotropy, triangular lattice planes, superexchange 
paths along c axis, and in-plane frustration due to nnn anti¬ 
ferromagnetic interaction. 


In 1979, Aharony and Fishman showed that an aniso¬ 
tropic antiferromagnetic system with bond dilution in a uni¬ 
form magnetic field, has the same critical behavior as that of 
the random field Ising model (RFIM). 10 This statement was 
later extended by Cardy to anisotropic antiferromagnets with 
site dilution in a uniform magnetic field (DAFF)." This fact 
made FeCI 2 and FeBr 2 regain interest, as they constituted an 
excellent material for the experimental investigation of the 
RFIM. 

Since then, a great experimental effort, as well as many 
theoretical studies, have been done. For instance, Soukoulis 
et al. and Grest et al. have tested the equivalence between 
DAFF’s and RFIM in two and three dimensions 12,13 in 
simple square and simple cubic lattices with isotropic nn 
interactions. Diep et al. u and Galam et al. xs have analyzed 
the existence of a tricritical point (TCP) as a function of 
dilution in a DAFF consisting of a simple cubic lattice with 
isotropic nn antiferromagnetic and nnn ferromagnetic inter¬ 
actions. Recently, a simulation on a highly diluted (50%) 
simple cubic lattice with isotropic antiferromagnetic nn in¬ 
teraction was performed by Nowak et a/., 16 with special at¬ 
tention paid to the high field region. 

In spite of all this effort, many questions still remain 
open. For instance, while the existence of long range order 
(LRO) is admitted for a three-dimensional (3-D) RFIM, 17-18 
it is still under discussion for some DAFF’s because of the 
long relaxation times involved. 19-21 

Experimental studies show, in general, that the state of 
the system at a particular point of the temperature-field (T,H) 
space depends on the process used to take the system to that 
point. It seems reasonable to suppose that some of the un¬ 
clear aspects found when comparing theoretical with experi¬ 
mental results may stem from the particularities of the real 
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system. For instance, the expected LRO as well as the shape 
of the magnetic domains (if any) formed while this (LRO) is 
being established, must be related to the kind of lattice con¬ 
sidered, its spatial anisotropy, the existence of frustrated or 
competing interactions, its percolation threshold, etc. 

In a previous work, 22 we have studied, by Monte Carlo 
simulations, the critical behavior of a FeCl 2 model. This 
model, though quite simple, kept the outstanding features of 
the system: high spatial anisotropy (triangular lattice planes 
stacked along the c axis), the superexchange paths for the 
interplane interaction, competing interactions, and frustration 
in the plane. The results we have obtained with such a model 
are in excellent qualitative and quantitative agreement with 
experimental ones. 

Based on such a good description of the pure system, in 
a recent work we addressed our study to some of the experi¬ 
mental results on the diluted system that were not well un¬ 
derstood. In particular, we studied the existence of a TCP and 
its behavior with dilution. We also studied the character of 
equilibrium temperature loops in a constant field (whether 
they are reversible or not) and the existence of a LRO for a 
field-cooling (FC) process. As mentioned above, irrevers¬ 
ibilities in temperature loops have been experimentally re¬ 
ported. We have analyzed this fact by performing short simu¬ 
lations on our finite systems, showing that such 
irreversibilities correspond to a nonequilibrium effect. We 
have also investigated the experimental result stating that the 
magnetization issued from a FC process (m FC ) > s greater than 
that issued from a field-heating (FH) one (wipn). 20,21 We have 
determined the irreversibility line from the first temperature, 
where wj fc >wj fh in a FC process, and we tried to elucidate 
the kind of magnetic domains formed in this irreversibility 
region that are responsible for that result. 

We are now interested in determining the critical expo¬ 
nents of this system. Different questions may be asked on 
this topic. First, one may think that the layered structure of 
this system might affect its effective dimensionality, even in 
the pure case. Concerning the diluted system, the Harris 
criterion 23 states that when the specific heat exponent of the 
pure system is a>0, a small dilution may modify the critical 
behavior. In addition, renormalization group e expansion 
treatments 24 show that a sharp transition may still exist, but 
with exponents different from those of the pure case. Finally, 
the application of a small uniform field to the diluted system 
in the strong concentration limit allows us to model an ex¬ 
perimentally studied RFIM. 

The article is organized as follows: in Sec. 11 we sum¬ 
marize the results obtained on these systems in our previous 
works; in Sec. Ill we describe the technical details concern¬ 
ing the present work; in Sec. IV we present the results on the 
critical exponents. Finally, in Sec. V we present our conclu¬ 
sions and discussions on forthcoming work. 

II. PHASE DIAGRAM OF THE Fe x Mg,_ x CI 2 SYSTEM 
A. Description of the model 

Figure 1(a) shows the crystalline structure of the system 
determined by Wyckoff. 25 The Hamiltonian of the system 
may be written 26 as 




FIG. 1. (a) Crystalline structure of FeCl 2 . (Ref. 25) •, Fc 2+ ; O, Cl“. (b) 
Top view of the 12 neighbors of a Fe 2+ ion □, the considered ion; •, 
neighbors in the adjacent plane below. 


i2 ViVk s i s k 

(nn) (nnn) 

-y'2 y l rns,srgfi B H'Z Vi s„ (1) 

(nn') i 

where s ,=±1 is an Ising spin; (nn) and (nnn) denote the sum 
over the nearest and next-nearest neighbors in the plane, re¬ 
spectively, and (nn') indicates the sum over the interacting 
spins belonging to adjacent planes. As the latter is a super¬ 
exchange one, we have taken into account all the equivalent 
magnetic paths for the coupling of iron planes via the chlo¬ 
rine ones. Following Anderson’s rule, this leads to 12 neigh¬ 
bors in each one of the neighboring planes as is shown in 
Fig. I. 22 

In order to simulate a given quenched disorder, we chose 
the sites at random and assigned to each site i one of the 
values of the corresponding occupation variable y, =0,1, 
with a probability , = 0 )=p, until we got N p =pXN 
“vacancies” (N being the total number of sites and p=l-x 
the desired amount of dilution). 

The values of the interaction constants have been taken 
from Vettier’s work. 6 As we have discussed in a previous 
work, 22 those values have been obtained fitting experimental 
data to a Hamiltonian that is different from Eq. (1). Thus, the 
relevant quantities are the ratios of the interaction constants, 
and not their absolute values. To simplify the comparison 
with experimental results on the diluted system, we have 
normalized these constants in the following way: we have 
performed simulations on the pure system, varying the val¬ 
ues of the interaction constants but keeping their ratios fixed, 
until we reproduced the value of T N given by Vettier. 6 Hence, 
we have a ferromagnetic nn interaction Jj = 6.74 K, in com- 
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FIG. 2. Detailed cuts of the phase diagram along planes x = const. AF: antiferromagnetic phase; SP: saturated paramagnetic phase; P: paramagnetic phase; M’ 
mixed region, (a) x = l, • h \, Ohf. (b) x=0.9, • FH, 0 FC, □ h[, * hf. (c) x=0.8, #FH, O FC, *h], □ /if. (d) x=0=7, • FH, O irreversibility line, 

•h r.OhJ. 


petition with a frustrated antiferromagnetic nnn one, 
J 2 - -1.01 K, and a superexchange antiferromagnetic inter¬ 
plane interaction, J ' = -0.07 K. 

In the following we will use the notation 

h=gfi B H ! k B . 

B. Summary of previous results 

In general, we studied the following quantities: global 
magnetization per site m ; staggered magnetization along the 
c axis m st ; energy per site £; specific heat c; susceptibility x> 
staggered susceptibility x it ; and Edwards-Anderson order 
parameter q. We aiso keep the last configuration of the lattice 
obtained at each point of the ( T,h,x) space for further analy¬ 
sis. 

For the pure system, we have shown that the transition is 
continuous for low fields, but becomes first order at a tric- 
ritical temperature T, that can be estimated as the tempera¬ 
ture where hysteresis in field loops disappears. We have 
found the ratio between the TCP temperature and the Neel 
temperature to be T,IT N = 0.87, in excellent quantitative 
agreement with the experimental value 7',/7’ A r=0.886. 6 


The diluted system was studied by means of simulations 
of loops in temperature (FC-FH) at a constant field and 
loops in the magnetic field at a constant temperature {h | - 
h |). We have determined the phase diagrams in the ( T,h,x ) 
space for concentrations x= 0.9,0.8,0.7. Our results show the 
existence of a TCP that is shifted to low temperatures as 
dilution increases. The values obtained for T, as well as 
those obtained for T N , compare quite well with experimental 


TABLE 1. Variation of T, and 7' v as a function of dilution. Comparison with 
experimental values. 


X 


7f c (K) 

rS? p (K) b 

T# c ( K) 

l 

20.5 

19.9 

24 

22.9 

0.9 

16.5 

15 

20.5 

20 

0.8 

13 

12 

17.6 

16.75 

07 

8 

7 

13.6 

14 


'Reference 27. 
b Reference 28. 
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ones. 27,28 The width of the hysteresis cycle is also found to 
decrease with dilution. 

Figure 2 summarizes these results. It shows cuts of the 
phase diagram for different values of concentration x. 

Table I gives the comparison of our results with experi¬ 
mental ones obtained by Wood and Day 27 and Bertrand 
et al L 28 

We have also studied fast FH+FC cycles to simulate, on 
a finite system, the long relaxation times observed experi¬ 
mentally, and we have found that, for low fields, the cycle is 
still reversible, while for h~h 0 (x), irreversibilities appear 
giving rise to w FC >m FH , in agreement with experimental 
results. 21 The irreversibility line T m , defined as the highest 
temperature where m ?c =m m , is coincident with T c (h) for 
low fields, but lies above it as the field approaches h 0 (x), in 
agreement again with experimental measurements. This line 
is shown in Fig. 2 for the *=0.3 case. 

We have also investigated the shape of the magnetic do¬ 
mains formed in the irreversible region. Here the domains 
look like distorted pipes that are placed one beside the other, 
trying to keep an antiferromagnetic order along the c axis. In 
each plane, clusters of opposite orientation are separated by 
vacancies in order to avoid losing exchange energy 26 


III. CRITICAL EXPONENTS 
A. Technical description 

The Monte Carlo histogram method 29-31 is known to be 
a very accurate way to determine critical exponents. It does 
not need a previous knowledge of T c with an overwhelming 
precision, as it was the case with traditional Monte Carlo 
calculations of critical exponents. 

We have used our previous results on this system to 
locate the temperature T 0 where the Monte Carlo simulation 
is performed. We have calculated the following quantities: 
staggered magnetization, 


w ' sl =(M s t)> (2) 



V,= 


I d In m s , \ _ {m iX E) 
\d(Vk B T)l <m st > {t); 


second-order cumulant of the order parameter, 
_ / d ln(m s , 2 ) \ _ (m st 2 E) 

2 \d(Vk B T)l <jm7j) { ) ' 


( 6 ) 

(7) 


The mean values, which are functions of m sl and of powers 
of E, may be calculated as a continuous functions of tem¬ 
perature using the histogram obtained at T 0 as follows: 31 


<£7(m s ,)) = 


2 E E n (f)(E)H(E)exp[-AKE] 
2, E H(E)exp[-AK E] 


( 8 ) 


where H(E) is the histogram measured at T 0 and (/)(£) are 
the mean values of the corresponding function of m st calcu¬ 
lated at r 0 for each fixed value of the energy. 

For large values of the system of linear size L, these 
quantities are expected to scale with L as follows: 


(9) 

V 2 ccl- ,/t ’ ) (10) 

c Nma =C 0 + C,L^ (11) 

Xs.max^ 1 ’, (12) 

mjT c (cc)]aL-^, (13) 

T c (L) = T c (cc)+C a L- ,/ i '. (14) 


Having a certain knowledge about the location of T c helped 
us to neglect, in this first approach, corrections to scaling. In 
addition, as our smallest size is I = 12, corrections to finite 
size scaling have also been neglected. 

We have estimated v independently from Eqs. (9) and 
(10). With these values, we calculate y from Eq. (12). We 
have then estimated T c (<») by extrapolating Eq. (14) for each 
observable. Using this value of T c (“), we calculate /3 from 
Eq. (13). The Rushbrooke scaling law a+2/3+y=2 allows 
us to obtain a. Finally, using the hyperscaling relationship, 
we can estimate the effective dimension of this model, d= (2 
- a)/ v. 


B. Analysis of results 


where i,j are the subscripts in the plane and k is the sub¬ 
script corresponding to the c axis. In the following, we will 
consider systems of equal number of sites in each direction, 
and we will denote their sizes by L XL XL. 

Energy per spin, 

E = (J%); 
specific heat, 

c=^i((^ 2 )-<^) 2 ); (4) 

staggered susceptibility, 

1 

Xst=') ; (5) 

first-order cumulant of the order parameter, 


1. The pure system 

We have performed a Monte Carlo histogram calculation 
for lattices of linear sizes L = 12, 18, 24, and 30 at the tem¬ 
perature T 0 near the T N obtained in our previous study. Fig¬ 
ure 3(a) shows the finite size scaling study of staggered mag¬ 
netization cumulants done over the first three lattices. The 
value obtained is n=0.59±0.03. 

Figure 3(b) shows the fit of Eq. (12) to our data. We get 
a value y=1.19±0.08. 

The determination of needs an estimation of the criti¬ 
cal temperature of the infinite lattice. It has been extrapolated 
from the behavior of the extrema of different observables as 
a function of L~ llv . We have found 23.12±0.03 K. The fit 
shown in Fig. 3(c) gives /3=0.27±0.04. 

Using the Rushbrooke relationship, we obtain a=0.27 

± 0 . 10 . 
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P=0.27 T 0.04 


- 1.8 (:*■'■ 
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(C) I" L 

FIG. 3. x= 1, h = 0. (a) In F,(#), In V 2 (D) vs Ini: determination of v, (b) 
In vs In L : determination of y. (c) In m^T N (<»)] vs In L- determination 
of (3. 

With these values, the hyperscaling relationship gives an 
effective dimensionality of 2.93. This shows that the 
layered structure of the system does not affect its effective 
dimension, even in the case of a quite weak interlayer cou¬ 
pling. 

The set of critical exponents obtained above does not 
exactly correspond to that of the 3-D Ising model, 24 although 
some of them are rather close to it within the error margin. 
Surprisingly, this set is found to be similar to the results 
obtained for the frustrated 3-D Heisenberg spin systems. 32,33 


2. The diluted system 

In this first approach, we have studied a system with a 
small dilution p=QA. The results shown have been obtained 
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(C) ln L 

FIG. 4 * = 0.9, h = 0 (a) In V,(#), ln V 2 (□) vs In/., determination of v, 
(b) In vs Ini' determination of y, (c) In "i S |[7’n( 00 )] vs In/.: determina¬ 
tion of p. 

for systems of linear sizes L = 12, 18, 24, and 30. The fit of 
V, and V 2 , shown in Fig. 4(a) gives v= 0.56 ±0.03, lower 
than the value obtained for the pure system. 

From the fit shown in Fig. 4(b), we get y= 1.07 ±0.09, 
again lower than the value obtained above. 

The extrapolated value for the temperature of the infinite 
diluted lattice is T N {^)= 20.27 ±0.03 K, which gives /?=0.36 
±0.07 [Fig. 4(c)]. 

When applying a uniform magnetic field to the diluted 
system, the correlation length exponent is clearly increased. 
On the contrary, the other exponents are less affected, for the 
studied fields, /i=0.25 K and h =0.5 K, which correspond to 
a quarter and a half of the corresponding threshold field for 
this dilution. 

Figure 5(a) shows the fit of Eqs. (9) and (10), which 
gives r , =0.68±0.005 for the case /i =0.25 K. The fit of Eq. 
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(a) In L 



FIG. 5. x = 0.9, /i = 0.25. (a) In V, (•), In V 2 (□) vs Ini. determination of 
v, (b) In Xa vs In £: determination of y. 


(12) [Fig. 5(b)] gives y=1.18±0.07, which is similar within 
the error margin to the zero field case. 

The determination of the remaining critical exponents 
proves to be more difficult in the nonzero magnetic field. In 
fact, the value of T obtained by extrapolation has a con¬ 
siderable uncertainty. We obtain /1=0.36±0.07 and we de¬ 
rive from the Rushbrooke scaling law, a=0.1±0.04 for 
/i =0.25 K. 

For h= 0.5 K, the values of v and y remain unchanged 
(see Table II). As discussed above, the uncertainty on T N (<x>) 
is so large to prevent us from determining /3. 

IV. CONCLUSION 

We have performed a preliminary study of the critical 
exponents of a Fe ;t Mg 1 _ X C1 2 model. We have observed that 
the small degree of frustration due to nnn in-plane antiferro- 


TABLE II. Summary of critical exponents for the four cases studied. 


X 

h 

V 

y 

0 

a 

1 

0 

0.59(3) 

1.19(8) 

0.27(4) 

0.27(10) 

09 

0 

0.56(3) 

1.07(9) 

0.40(5) 

0.13(2) 

0.9 

0.25 

0.680(4) 

1.18(7) 

0.36(7) 

0.10(4) 

0.9 

0.5 

0.69(5) 

1 15(18) 
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magnetic interaction and dominant nn in-plane interactions, 
as well as the superexchange between planes, are enough to 
cause a deviation of the critical exponents from those of the 
3-D Ising model, even in the pure case. These exponents are 
closer to those of 3-D frustrated systems (antiferromagnetic 
stacked triangular lattices with Heisenberg spins) than those 
of the nonfrustrated 3-D Ising model. 

We have also found that for this system of weakly 
coupled layers, the effective dimension remains 3. As soon 
as additional disorder is added to the system by means of 
simple dilution, critical divergences are reduced. This is seen 
by examining the values of v, y, and a given in Table II. 

When applying a uniform magnetic field the diluted sys¬ 
tem is expected to behave like a RFIM. However, the results 
obtained do not correspond to those predicted for the 3-D 
RFIM. 35,36 This work shows that it is not obvious that the 
Fe^Mgj _*C1 2 system belongs to the RFIM universality class. 

Further work concerning higher dilutions at different 
fields is in progress. 

We summarize the previous results in Table II. 
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Simultaneous surface and bulk magnetic properties investigations 
by using simultaneous gamma, x-rays and conversion electron 
Mossbauer spectroscopy: Method and experimental results 

A. S. Kamzin, L. A. Grigor’ev, and A. F. Ioffe 

Physico-Technical Institute RAS, St. Petersburg 194021, Russia 

The surface and bulk phase transitions in a microscopic antiferromagnetic Fe 3 B0 6 crystal was 
investigated by means of new method: Simultaneous gamma rays, x-rays, and electron Mossbauer 
spectroscopy (A. S. Kamzin, V. P. Rusakov, and L. A. Grigor’ev, in Proceedings of the International 
Conference “Physics of transition metals,” USSR-1988, Part 2, p. 271; A. S. Kamzin, and L. A. 
Grigor’ev, Pisma Zh. Tekh. Fiz. 16 , 38 (1990) [Sov. Tech. Fiz. Lett. 16 , 417 (1990)]), which makes 
it possible to study simultaneously the surface and volume properties of a bulk crystal. 


I. INTRODUCTION 

At the spin-reorientation phase transition (SRPT), it was 
observed that (1) the first-order SRPT transition in the vol¬ 
ume of the crystal is accompanied by second-order reorien¬ 
tation of spins on the surface of crystal; (2) toward the sur¬ 
face of the crystal the temperature interval of the SRPT are 
increasing and no displacement of the center of the transition 
region is observed; (3) outside the SRPT region, the direction 
of the magnetic moments on the surface arc different from in 
the volume of the crystals, and differences are increasing to 
the surface in the limit of the “transition” layer. 

It was found that (1) the Neel temperature for the surface 
is lower than for the bulk; (2) there exists a surface layer of 
“critical” thickness, within which the transition temperature 
T n (L) increases with a distance from the surface and reaches 
at the lower (from the surface) boundary of the “critical” 
layer the value of Neel temperature for the volume of the 
crystal. 

In order to understand surface phenomena, so as to de¬ 
termine how surface and bulk properties are related to each 
other, it is necessary to investigate the surface of bulk crys¬ 
tals in comparing with investigations of volume properties of 
that material, as well as the profiles of the properties (layer 
by layer analysis) of the surface layer. For this aim the ex¬ 
perimental methods are very useful, which give us the pos¬ 
sibility to study the surface and the bulk properties of mas¬ 
sive crystals simultaneously. We have shown 1 that the 
Mossbauer effect measurements are simultaneous by detect¬ 
ing gamma rays in the transmission geometry, and conver¬ 
sion x-rays and conversion electrons in the backscattering 
mode are very suitable in each case. 

In the present paper, we describe (1) new method (simul¬ 
taneous gamma rays, x rays, and electron Mossbauer spec¬ 
troscopy), which have been offered and used in Ref. 1 and 
that gives us the possibility to investigate the surface and 
bulk properties simultaneously; (2) results of investigations 
of the surface magnetic system behavior at the phase transi¬ 
tions (the Neel temperature as well as the spin-reorientation 
phase transition) in the bulk of crystal. 


II. METHOD OF SIMULTANEOUS GAMMA RAYS, X 
RAYS, AND ELECTRON MOSSBAUER 
SPECTROSCOPY 

In the “classical” Mossbauer spectroscopy (MS) in the 
transmission mode (TMS) the y rays permeating the sample 
are detected, thus giving information on the whole volume of 
the bulk samples. After absorption, the deexcitation radiation 
of nucleation in the absorber are the y rays, the conversion, 
and Auger electrons (CED), and characteristic x rays (CX). 
Mossbauer spectroscopy CX (CXMS) allows us to study the 
properties of a few fim thick layer of a bulk crystal. In the 
case of Mossbauer spectroscopy with detection CE (CEMS), 
the information is extracted from a ~ 300 nm (for Fe 57 ) sur¬ 
face layer on the bulk sample. 

The method of simultaneous gamma rays, x rays, and 
electron Mossbauer spectroscopy proposed in Ref. 1 com¬ 
bines these three modifications of Mossbauer effect measure¬ 
ments. The universal detector 2 and Mossbauer spectrometer 
constructed around the universal detector (Fig. 1) makes it 
possible to obtain the Mossbauer spectra immediately by de¬ 
tecting the y rays, characteristic x rays, and secondary elec¬ 
trons, thereby simultaneously studying the properties of the 



FIG. 1. Universal detector and block diagram of the system for the simul¬ 
taneous gamma, x rays, and electron Mossbauer spectroscopy 
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volume and surface layers of bulk crystal. The y rays emitted 
by a Mossbauer source (S) pass through the sample (C), 
through a hole in the heater (H), and are detected in chamber 
G. The sample is located in chamber E, and CE emitted from 
the sample are detected right in that chamber. The CX rays, 
after leaving the sample, pass through a beryllium foil (W) 
that separates counters E and X, and are detected in chamber 
X. Therefore chamber E detects only the conversion elec¬ 
trons, counter X detects only the conversion x rays, and 
chamber G detects only gamma quanta. This method of in¬ 
vestigation was later called simultaneous triple radiation 
Mossbauer spectroscopy. 3 

It is known that the energy of an electron that has go out 
from the sample depends on the distance from the surface of 
the atom in which this electron was formed. Our electron 
counter has quite a good resolution, and by using discrimi¬ 
nators (SCA in Fig. 1) we have the possibility to choose the 
electrons in a definite energy group. 4-6 Taking into account 
the probability that an electron reaches the surface of the 
crystal, it is possible to investigate the properties of a thin 
layer located at a definite depth from the surface. When a 
proportional detector is employed, the location of the layer 
and its thickness are not determined as accurately as with the 
electrostatic, or magnetic energy analyzer. However, a pro¬ 
portional detector is much more efficient, and thus has cer¬ 
tain advantages. 

It is not difficult to detect electrons at room temperature, 
but difficulties arises when the measurements are made 
above or below room temperature, because the sample is 
located inside counter E. In the universal detector, the fur¬ 
nace heats only the sample, but not the ambient gas. This is 
achieved by the multilayer heat insulation of the heater and 
also by its housing on needle supports. Liquid nitrogen vapor 
passes along the heat guide to take measurements at the re¬ 
gion below room temperature. Thus, we have possibility for 
measurements in the interval from 100-750 K, with the ac¬ 
curacy of 0.03°-0.2°, depending on the measurements re¬ 
gion. 

To diminish the dead time of the storage system (MCS) 
we set the input pulse duration less than two buffer counters 
with checking before switching. 7 The form of motion of the 
Mossbauer source is controlled by the standard feedback 
(FG) signal. We have offered 7 to use an other optional con¬ 
trolling signal (CC), which is generated by adding the error 
signal averaged over 100-1000 periods to the current error 



FIG 2. Experimental plots of the angle 9 versus temperature in the volume 
(■) and surface layers of the Fe 3 B0 6 crystal. Layer thickness (±10 nm): 
0-40 nm (O); 50-90 nm (V); and 150-200 nm (X). 


signal. A given motion is provided with the accuracy of not 
greater than 0.03%. 

The important advantage of the method, of simultaneous 
gamma rays, x rays, and electron Mossbauer spectroscopy 1 is 
that information from the bulk and surface of a macroscopic 
crystal is extracted: (1) simultaneously under identical con¬ 
ditions of the sample; (2) by using one method of investiga¬ 
tion (the Mossbauer effect), which makes it possible to com¬ 
pare experimental results on surface and bulk properties 
strictly. 

III. INVESTIGATION OF THE SURFACE AND BULK 
SPIN-REORIENTATION PHASE TRANSITION 

IN ANTIFERROMAGNET Fe 3 B0 6 

We have studied the magnetic structure and SRPT in a 
surface layer and in a volume of a bulk crystal Fe 3 B0 6 by 
using the new experimental method described above in Sec. 
II and in Ref. 1. 

Surface studies were conducted on crystals chemically 
polished for ~ 50 h at room temperature in 1:1 mixtures of 
HjP 0 4 and H 2 S0 4 acids. The experimental Mossbauer spec¬ 
tra obtained below and above the SRPT temperature 
r*=~415 K consist of two sextuplets, corresponding to 
iron ions in 8d and 4c positions. In the SRPT region, experi¬ 
mental spectra consist of the superposition of lines observed 
at the temperature below and above the SRPT temperature. 
The lines corresponding to different phases are well re¬ 
solved, which makes it possible to investigate the behavior 
of the magnetic moments of each position and phase. 8 

The angle 0 determining the direction of the magnetic 
moments, with respect to the wave vector of the y rays, were 
found from the ratios of the intensities of the second and first 
(fifth and sixth) lines of the Zeeman sextuplets, using for¬ 
mula /2,5/fi,6 = (4 sin 2 0)/3(l+cos 2 0). The temperature de¬ 
pendence of this angle is displayed in Fig. 2. 

It is evident from Fig. 2 that the magnetic moments in 
the volume of the crystal are oriented only the two values, 0 
or tt/ 2. In the SRPT temperature range, these two phases 
coexist. This results prove convincingly that SRPT in the 
volume of Fe 3 B0 5 crystals occurs as a first-order phase tran¬ 
sition in a temperature range from T x up to 7V 

The magnetic moments on the surface layers outside the 
region of SRPT tilt away from the directions along which the 
moments are oriented in the volume of crystal. The tilting 
angle, increases as the surface or the SRPT is approached. In 
the SRPT region, in a surface layer, the angle 6 varies con¬ 
tinuously from one value to another. 

The theoretical studying of the problem of a spin- 
reorientation phase transition (SRPT) on a surface showed 
that the shape of the temperature hysteresis loop must 
change. 9 Comparison with theoretical results 9 reveals that the 
experimental data are in good agreement. 

IV. THE SURFACE AND BULK MAGNETIC 
PROPERTIES OF THE ANTIFERROMAGNET Fe 3 B0 6 
NEAR THE NEEL TEMPERATURE 

Analysis of the experimental spectra of Fe 3 B0 6 near the 
Neel temperature showed that they can be divided into four 
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FIG. 3. Phase diagram of Fe 3 B0 6 near the Neel temperature. One-boundary 
line T W (L); 2-T s (L)\ and 3-T N (L). 


characteristic groups: 10 M, W, S, and P (see Fig. 3, where L 
is distance from the surface). The M spectra consist of two 
Zeeman sextuplets, P spectra—of two quadruple doublets. 
This means that the material in the M region is magnetic, in 
the P region—in the paramagnetic state. In region W, the 
widths of the outer lines of the sextuplets increases up to the 
T n (L), the width of the inner lines do not change. The ex¬ 
perimental spectra observed in the 5 region consist of a su¬ 
perposition of lines of the paramagnetic doublets of the P 
phase on the spectra of the W phase. As the temperature 
increases from T C (L) to T N (L), the intensities of outer lines 
decrease and at the T N (L) these lines vanish. In those tem¬ 
perature intervals, intensity of inner lines increases. 


In summary, analysis of the experimental results has 
shown that as the temperature increase in some sections 
paramagnetic regions arise directly on the surface of the 
crystal. As the crystal is heated further, the paramagnetic 
regions on the surface expand and penetrate deeper into the 
crystal. At a certain temperature below the Neel point for the 
bulk of the crystal, the entire surface becomes paramagnetic, 
and with increasing temperature, deeper layers transform into 
the paramagnetic phase. At the Neel point the magnetic order 
destroys the entire remaining volume of the crystal. Thus, 
there exist a surface layer of “critical” thickness, in which 
the transition temperature T N (L) increases with a distance L 
from the surface and reaches at the lower (from the surface) 
boundary of the “critical” layer the value of TV> correspond¬ 
ing to the volume of the crystal. 
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Magnetic properties of Fe x CUi granular alloy films 

Peng Chubing, Chen Haiying, Li Guozhong, and Dai Daosheng 

Department of Physics, Peking University, Beijing 100871, People’s Republic of China 

The magnetic properties of the Fe^Cu^* granular system, as functions of iron particle size, were 
studied. Using high resolution transmission electron microscopy, iron particle size was determined 
to be ranged from 1-4 nm in as-deposited samples as *=0.06-0.34. Magnetic measurements 
revealed that samples exhibit superparamagnetic relaxation below 300 K as *=£0.22. At 1.5 K, the 
average magnetic moment per each iron atom is reduced as the average number N of iron atoms in 
a particle is less than 450, and approaches the value of bulk iron as A 2=600. Moreover, the 
temperature dependence of magnetization for Fe-Cu granular alloys was found to obey the Bloch’s 
T m law below 300 K as *>0.22. We suggest that spin wave excitations of long wavelength occur 
due to the weak exchange coupling among iron particles as *>0.22. This behavior was confirmed 
by the ferromagnetic resonance study. 


I. INTRODUCTION 

The studies of surface magnetism of ferromagnetic ma¬ 
terials have discovered that the magnetic moment of surface 
atoms such as Fe(110) and Ni(lll) is enhanced. 1,2 This be¬ 
havior was also observed in multilayered thin films (e.g., 
Fe/Ag, 3,4 Co/Pd. 5 and Co/Pt 4,6 ). It is very interesting whether 
magnetic moment of the ferromagnetic particles, such as Fe, 
Co, and Ni, is enhanced when its size is reduced. In recent 
experiments, 7-9 the magnetic behavior of Fe and Co clusters 
containing several tens to hundreds of atoms has been inves¬ 
tigated hy using the Stern-Gerlach method. It was found that 
the average effective moment in Fe and Co clusters was be¬ 
low that of bulk Fe and Co, respectively. Chien et a/. 10 have 
studied the magnetic properties of iron particles in the 
Fe-Si0 2 granular films, and pointed out that the coercivity 
of those films was enhanced. It was also reported that the 
ferromagnetic, superparamagnetic, spin-glass, and cluster- 
glass behaviors exist in granular alloys. 11 In this paper, the 
magnetic properties of Fe^Cu!-, granular films, including 
superparamagnetic behavior, effective exchange coupling, 
and the low-dimensional effect, were discussed. 

II. EXPERIMENTS 

Fe c Cui_^ films were prepared by thermal co¬ 
evaporation method in a vacuum of 2X10” 7 torr onto glass 
substrates cooled by liquid nitrogen. Thicknesses of films are 
about 500 nm. The iron volume fraction * was determined to 
be 0.06, 0.10, 0.13, 0.16, 0.20, 0.22, 0,24, 0.26, 0.28, 0.30, 
and 0.34 by electron energy spectrum analyses, The structure 
of films was characterized by electron diffraction and high 
resolution transmission electron micrograph (TEM). Magne¬ 
tization curves for all samples at different temperatures were 
measured by a LDJ 9500 vibrating sample magnetometer 
(VSM). The ferromagnetic resonance measurements for 
samples with *=0.16 and 0.30 were carried out by using an 
electron paramagnetic resonance spectrometer working at 
*-band (9.8 GHz) at room temperature. 

III. RESULTS AND DISCUSSIONS 

Figure 1 displays the electron diffraction pattern and 
central dark-field micrograph for Fe 022 Cu 07S film. In the dif¬ 
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fraction pattern, (111), (200), (220), and (311) reflections of 
fee Cu and (200), (211), and (220) reflections of bcc Fe 
appear, indicating that iron particles have precipitated from 
the film and form the bcc structure. In the TEM image, one 
can see that iron particles are very small, about 2.3 nm in 
diameter, and dispersed homogeneously in the film. 

Figure 2 shows magnetization curves for Fe^Cu! _ t films 
with *=0.10, 0.16, and 0.22. It is seen that samples exhibit 
superparamagnetic relaxation below room temperatures as 
*=s0.22. In the superparamagnetic state, the effective mag¬ 
netic moment /i c(f for Fe-Cu samples in the magnetic field H 
at temperature T is given by 10 


FIG. 1. Electron diffraction pattern and dark-field micrograph for as- 
prepared Fe 0 , 2 Cu 0 7B film The iron clusters are indicated by arrows. 
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FIG. 2. Effective magnetic moment fj-di per iron atom as a function of 
magnetic field for Fe-Cu films with*=0.10, 0.16, and 0.22 at 7'=160,236, 
and 300 K, respectively. The solid lines are the theoretical curves obtained 
with Eqs. (l)-(2) withD = 11.3 A, <7=1.05 for * =0.10; 0 = 13.6 A, <7=1.10 
for *=0.16 and 0=22 A, and (7=1.255 for *=0.22. 


Meff = j flL(v)f(v)dv, (1) 

where L(v) is the classical Langevin function, f(v) is the 
size distribution function, v is the volume of iron particles, 
and fi is the magnetic moment per iron atom in a cluster. For 
simplicity, the lognormal distribution function for spherical 
iron particles with diameter D is assumed, 

/(£>) = exp[-(ln D-ln D) 2 /2(ln a) 2 ]/^ In a. (2) 

By fitting the experimental data using Eqs. (1) and (2), the 
average diameter D and the width it are estimated. For the 
*=0.22 sample, D= 22 A and <r=1.155, in agreement with 
the TEM observation. From the D value, the average number 
N of iron atoms in a cluster for Fe-Cu samples can be de¬ 
termined and listed in Table I. 

Figure 3 plots the average magnetic moment fi at 1.5 K 
as a function of the average number N for Fe-Cu samples. It 
can be seen that the magnetic moment of iron atoms in¬ 
creases rapidly with N as #<450, and approaches 2.2 fi B as 
#>600. This reduction of fi as #<450 may result from the 
d-s electron hybridization on the interfaces between Fe par¬ 
ticles and the Cu matrix. 12 Since the ratio of surface iron 
atoms to volume increases with the decreasing particle size, 
the average magnetic moment of iron clusters is hence re¬ 
duced. 

Figure 4 gives the temperature dependence of magneti¬ 
zation fi(T) for Fe^Gt,.* samples with *=0.10, 0.13, 0,22, 
and 0.28. As *=S0.22, fj^T) decreases linearly with the in¬ 
creasing temperature below the blocking temperature. Such a 
linear dependence of magnetization is often associated with 
two-dimensional (2-D) magnetic behavior. At *=0.28. ft(T) 
can be fitted to the equation 


TABLE 1. The average number N of iron atoms in a cluster at each volume 
fraction *. 


* 0.06 0.10 0.13 0.20 0.22 0 24 0.27 0.30 0.34 

N 34 103 297 396 470 495 653 740 940 


FIG. 3. The size dependence of the magnetic moment per iron atom for 
Fe-Cu film at T=1.5 K. 

^T) = fi 0 (l-BT 312 ), (3) 

which describes the thermal spin-wave excitations (Bloch’s 
T 312 law). Obviously, it is hardly possible to excite a long- 
wavelength spin wave in an individual iron particle with size 
of about 3.0 nm. As iron concentration * is larger than about 
0.24, a magnetic percolation effect sets in. By fitting the 
experimental data to Eq. (3), the Bloch constant B is ob¬ 
tained to be 1.34X10 -4 K~ 3/2 . This B value is much larger 
than that for the bulk iron (about 3.5X10~ S K~ 3/2 ). We sug¬ 
gest that an effective exchange interaction among single¬ 
domain iron particles appears for a Fe-Cu granular system 
with x >0.28, leading to the excitation of a long-wavelength 
spin wave in the whole film. Since the Bloch constant is 
related to the exchange energy constant, then we deduce that 
the effective exchange constant is about one order less than 
that of the bulk iron. There is other evidence that may sup¬ 
port the above suggestion. Figure 5 shows resonance field 
// res vs the orientation <f>ii of the applied dc magnetic for 
Fe-Cu samples, with *=0.16 and 0.28 at 300 K. For the 
*=0.16 sample, the magnitude of H KS is almost independent 
on the orientation, reflecting very little shape anisotropy. 
This very small angular variation of H KS results from the 
uniform precession of individual iron particles with spherical 
shape in the film. However, at *=0.28, the H KS value in- 
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FIG. 4. The temperature dependence of the effective magnetic moment of 
iron clusters for Fe-Cu films with *=0 10, 0.13, 0.22, and 0.28 The solid 
lines are the fitted curves. 
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FIG. 5. The resonance field H m as a function of angle <p H between the dc 
magnetic field and the film plane for Fe-Cu granular films, with a:=0.16 
and 0.28. 


creases rapidly with the </> H value. This variation corresponds 
to the behavior of a ferromagnetic thin film dominated by 
shape anisotropy, 13 confirming the existence of effective ex¬ 
change interaction among iron particles. 

IV. CONCLUSIONS 

The structural and magnetic properties of Fe^Cu, 
granular alloys have been studied. The superparamagnetic 


behavior exists in a Fe^Cu^ granular system below 300 K 
as x=s0.22. At 1.5 K, the average magnetic moment of iron 
atoms decreases rapidly as iron particle size decreases. This 
behavior is understood by the hybridization of the d-s elec¬ 
tron on the surface of iron cluster. The appearance of long- 
wavelength spin wave excitations at low temperature and the 
ferromagnetic resonance experiment confirm that the weak 
exchange coupling exists among iron particles as x>0.22. 
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New possibilities offered by high resolution Fourier transform spectroscopy 
in studying magnetic phase transitions 

M. N. Popova 

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow Region, Russia 

High resolution optical absorption spectra of an intrinsic R 3+ ion or Er 3+ probe were measured in 
cuprates R 2 Cu 2 0 5 and R 2 BaCu0 5 related to high T c superconductors of the 123 type and in 
low-dimensional nickelates R 2 BaNi0 5 . We have registered for the first time phase transitions, some 
of them not detectable by other methods, in R 2 BaCu0 5 with R=Y, Lu, Nd, Dy, Yb, and Lu, in 
R 2 BaNi0 5 , with R=Nd, Sm, Eu, Dy, Ho, Tm, and Lu. Coexistence of two different magnetic phases 
in Y 2 BaCu0 5 and Lu 2 BaCu0 5 in a broad temperature range was demonstrated. Fine splitting of the 
low temperature magnetic phase transition, possibly caused by the interaction of critical 
fluctuations, has been observed in Dy 2 BaCu0 5 . Low-dimensional correlations at temperatures 
higher than the temperature of three-dimensional (3-D) magnetic ordering have been analyzed in 
quasi-2D compounds R 2 Cu 2 0 5 and quasi-l-D R 2 BaCu0 5 . We developed the method of the Er 3+ 
probe in a series of isostructural f-d compounds to select the right magnetic structure of an ordered 
d subsystem from several structures that fitted neutron scattering data equally well. 


I. INTRODUCTION 

The method of the rare earth (RE) spectroscopic probe 
has earlier been shown to complement substantially other 
methods of studying magnetic phase transitions (see, e.g., 
Ref. 1). The internal magnetic field that appears due to mag¬ 
netic ordering in a system splits the Kramers doublets of a 
RE ion. The detection of an appropriate spectral line splitting 
versus temperature delivers information on a magnetic order¬ 
ing in a system. Typically, the spectral resolution of grating 
spectrometers used for such studies is 0.5-1 cm' 1 in the 
visible. 1 As we have shown recently, 2 inhomogeneous width 
of some RE spectral lines may be as small as 0.007 cm' 1 . 
The most intense allowed in free ion optical transitions lie in 
the infrared and occupy broad spectral regions for a majority 
of RE 3+ ions. It is advantageous to register such spectra by a 
Fourier transform spectrometer rather than by a classical 
one. 3 

In this paper, by the example of the RE-transition metal 
magnetic compounds related to high-T c superconductors, we 
demonstrate that high resolution Fourier transform spectros¬ 
copy combined with some special technique proposed by us 4 
broadens considerably the method of a RE spectroscopic 
probe and offers new possibilities in studying magnetic com¬ 
pounds. The work of the author’s group is summarized. 

II. SAMPLES AND EXPERIMENT 

We have carried out the spectral studies of R 2 Cu 2 0 5 5 ’ A 
(here R stands for rare earth or yttrium), R 2 BaCu0 5 8-12 and 
R 2 BaNi0 5 (R=Lu,Yb) 13 magnetic cuprates and nickelates, 
which are related to high-7 c superconductors of the 123 
type. It is interesting also to study these compounds in con¬ 
nection with the problem of low-dimensional magnetism. 
There are C'uO planes in the structure of R 2 Cu 2 0 5 (R=Y,Tb- 
Lu,Sc,ln), with intraplane Cu-Cu distances considerably 
smaller th„ interplane ones. The so-called “green phases” 
R 2 BaCu0 5 (R=Y,Sm-Lu) and “brown phase” Nd 2 BaCu0 5 
of R-Ba-Cu-0 superconducting ceramics contain isolated 


Cu 2 * ions not interconnected by direct bonds through oxy¬ 
gen. Various Cu-O-O-Cu or Cu-O-R-O-Cu superex¬ 
change paths, low dimensional in particular, may dominate 
in these compounds, depending on a particular R 3+ ion. 
R 2 BaNiO s with R=Lu and Yb are isostructural to the green 
phases, while the other members of this family with R=Y, 
Nd-Gd, Dy-Tm (also studied by us 1415 ) have a completely 
different structure, containing isolated -Ni-O-Ni- chains. 

Polycrystalline samples of the mentioned compounds, 
pure or with 1 at. % of erbium introduced as a spectral probe, 
were prepared from oxides by solid state reaction in air. The 
powder samples were carefully ground, mixed with ethanol, 
and put on the sapphire platelet directly before the window 
of the InSb detector. The whole assembly was inside an op¬ 
tical cryostat, either in liquid helium or in cold helium ">por. 
Near infrared spectra due to optical transitions in the ... .insic 
R 3f ion or Er 3+ probe were registered at 2-120 K, with a 
spectral resolution down to 0.06 cm -1 employing the 
BOMEM DA3.002 Fourier transform spectrometer. In fact, 
we measured diffuse transmittance spectra. Absorption spec¬ 
tra were then calculated by the appropriate computer pro¬ 
gram, The width of some spectral lines in our samples at 2 K 
was as small as 0.1 cm' 1 . 

III. DETECTION OF MAGNETIC PHASE TRANSI1 IONS 

High resolution spectrum of R 3 ^ Kramers ion in a crys¬ 
tal is extremely sensitive to the changes of the local magnetic 
field at the place of this ion. This gives us a possibility to 
register unambiguously magnetic phase transitions, even 
those not detectable by other methods and, in some cases, to 
determine their nature. We have found, for the first time, 
magnetic ordering in Y 2 BaCu0 5 , 8 Lu 2 BaCu0 5 , u 
Nd 2 BaCu0 5 , 12 R 2 BaNi0 5 , with R=Lu, Nd, Sm, Eu, 
Dy, Ho, and Tm, 13-15 and specified the temperatures T c of 
appropriate phase transitions. Spin reorientation first- 
order phase transitions not known before have been 
detected in Y 2 BaCu0 5 , 8 ’ 10 Dy 2 BaCu0 5 , 9 Lu 2 BaCu0 5 , 
and Y^BaCuO^. 11 
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FIG. 1. Low-frequcncy part of the 4 / 15 / 2 -» 4 /n /2 absorption of the Er J+ FIG. 2. Reduced splittings of the Er 34 probe spectral lines in Y 2 Cu 2 0 5 and 
probe in Y 2 BaCu0 5 at different temperatures. Er 2 Cu 2 O s . 


On the other hand, our spectral method permits us to 
verify the interpretation of magnetic susceptibility (y) and 
specific heat (c) measurements. Thus, we have shown that 
the maxima in c(T) and x(T) curves for Er 2 BaCuO s and in 
the x(T) curve for Er 2 BaNi0 5 , which had been attributed to 
phase transitions within the erbium magnetic subsystem, 
were, in fact, caused by the population changes within the 
ground Er 3+ Kramers doublet split by an exchange interac¬ 
tion with an ordered d subsystem. 14,10 

IV. COEXISTENCE OF TWO DIFFERENT MAGNETIC 
PHASES 

In the region of first-order spin reorientation phase tran¬ 
sition, two magnetic phases coexist, usually, in a small inter¬ 
val of temperatures. The spectrum is a superposition of two 
different spectra with temperature-dependent relative intensi¬ 
ties. High spectral resolution and precise temperature control 
(=0.02 K) enabled us to separate these spectra and to regis¬ 
ter the temperature dependence of their intensities. 8-11 

We have found that in Y 2 BaCu0 5 and Lu 2 BaCu0 5 , two 
different magnetic phases coexist in a broad range, starting 
from the temperature of spin reorientation transition T R 
(7’ fi =12 K for Y 2 BaCu0 5 , T R -15 K for Lu 2 BaCu0 5 ), and 
down to the lowest measuring temperature of 2 K. 10,11 Evi¬ 
dently, various links Cu-O-O-Cu compete with each other 
in these compounds. 

Figure 1, showing the lowest-frequency lines in the 
4 / 15 / 2 — >4 ^i 3/2 spectral transition of the Er 34 probe in 
Y 2 BaCu0 5 at different temperatures illustrates our research. 
The line splitting above 16.5 K manifests magnetic ordering 
of copper magnetic moments. At about 12.5 K, the spectrum 
changes abruptly. These changes are best seen for the high- 
frequency line in Fig. 1, namely, two components of the split 
line diminish in their intensity, while a new line appears 
between them. Such a behavior cannot be explained by 
population redistribution within the sublevels of the split 
Er 3+ ground Kramers doublet, when changing the tempera¬ 
ture. It clearly shows the appearance of a new magnetic 
phase with a different exchange field for the Er 3+ probe. It is 
worth mentioning that neither magnetic susceptibility nor 
specific heat measurements suggested any magnetic phase 
transition in Y 2 BaCu0 5 . 
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V. SPECTRA OF Er> + PROBE AND MAGNETIC 
STRUCTURE OF d SUBSYSTEM 

We have shown that in the cuprates studied (1) the split¬ 
tings of the Er 3+ probe spectral lines are, mainly, due to the 
interaction with a d magnetic subsystem, while the interac¬ 
tion with / ions (RE ions) contributes little; (2) Er-Cu inter¬ 
actions ar , highly anisotropic. On these grounds, we pro¬ 
posed the method of the Er 3+ probe in a series of 
isostructural f-d compounds to select the right magnetic 
structure of an ordered d subsystem from several structures 
that fitted neutron scattering data equally well. This method 
has been tested on R 2 Cu 2 0 5 cuprates, 6,7 where reliable neu¬ 
tron scattering data exist and applied to some of the 
R 2 BaCu0 5 compounds. 11 The analogous work on the 
R 2 BaNi0 5 chain nickelates is in progress now. 

VI. LOW-DIMENSIONAL MAGNETIC CORRELATIONS 
AT T>T C 

For T>T C the splittings of spectral lines Av do not 
vanish—a “tail” is observed due to short range order. We 
have compared the dependences Ar (T/T c ) for the Er 3 ' 
probe in two R 2 Cu 2 0 5 compounds with identical structure of 
copper magnetic moments /i Cu (ferromagnetically ordered 
ab planes coupled antiferromagnetically with one another, 
fi Cu aligned along the b axis), but with strongly different T e 
temperatures, namely, in Er 2 Cu 2 0 5 (T c =28 K) and Y 2 Cu 2 0 5 
(T c =14 K). 7,16 Figure 2 shows these dependences. Both de¬ 
pendences have a point of inflection at T- T c , but the “tail” 
is about two times longer for the second one. This fact can be 
naturally explained if we assume that two-dimensional (2-D) 
magnetic correlations within isolated CuO planes take place 
below the same temperature in both compounds, while 
Er 2 Cu 2 0 5 , where these planes interact through magnetic 
Er 3+ ions orders three dimensionally at a two times higher 
temperature than Y 2 Cu 2 0 5 with nonmagnetic Y 3+ ions. 

We have observed in Nd 2 BaCu0 5 an unusually long 
“tail” extending until about 10T C , and have explained it by 
quasi-l-D magnetism in this compound. 12 Such an explana¬ 
tion was confirmed later by the neutron scattering 
measurements. 17 

Various manifestations of low-dimensional magnetic 
correlations have been observed in the spectra of the erbium 
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probe in Ho 2 BaCu0 5 and Er 2 BaCu0 5 , 10,16 Yb 2 BaNi0 5 , and 
Lu 2 BaNi0 5 . 13 Probably, the most interesting phenomenon is 
connected with different temperature behavior of the spectra 
from two different structural positions, Erl and Er2 in these 
compounds. While the spectral lines of Erl are markedly 
split only below T c , those of Er2 demonstrate a long “tail” 
of residual splitting at T> T c . We suppose that the Er2 ions 
are inside dominant magnetic chains and experience the es¬ 
tablishment of short range order within a chain at T>T C , 
while Erl ions interconnect the chains and announce the 3-D 
ordering at T c . 

VII. SPLITTING OF MAGNETIC PHASE TRANSITION 
IN Dy 2 BaCuO s 

Dy 2 BaCu0 5 is a compound with well-separated tem¬ 
peratures for an ordering of d- and /-magnetic subsystems. 
While the magnetic subsystem of copper orders at T Nl = 20 
K, that of dysprosium—at T N2 —11 K. We have found 9 that 
the low temperature phase transition in Dy 2 BaCu0 5 is split 
into two first-order transitions that follow one another with 
the interval of 0.2 K. Such a phenomenon may be caused by 
the interaction of critical fluctuations in a double f-d system 
with a strongly different exchange for two subsystems. 18 To 
clarify the question, further experimental and theoretical 
work is necessary. 

ACKNOWLEDGMENTS 

The author would like to emphasize the decisive contri¬ 
bution of her collaborators, I. V Paukov, N. I. Agladze, Yu. 


A. Hadjiiskii, and G. G. Chepurko. The synthesis of the 
samples by B. V. Mill, Ja. Zoubkova, D. A. Kudijavtsev, and 
E. P. Khlybov is greatly acknowledged. 

‘A. Hasson, R. M. Hornreich, Y. Komet, B. M. Wanklyn, and I. Yaeger, 
Phys. Rev. B 12, 5051 (1975). 

2 N. I. Agladze, M. N. Popova, G. N. Zhizhin, V. J. Egorov, and M. A. 
Petrova, Phys. Rev. Lett. 66, 477 (1991). 

3 M N. Popova, D. Sci. thesis, Institute of Spectroscopy, Russian Academy 
of Sciences, 1992. 

4 N. I. Agladze, G. G. Chepurco, E. P. Hlybov, and M N. Popova, in 
Proceedings of the 7th International Conference of Fourier Transform 
Spectroscopy, Fairfax, 1989 (SPIE, Bellingham, WA, 1989), Vol. 1145, p 
321. 

5 G. G. Chepurko, 1. V Paukov, M. N. Popova, and Ja. Zoubkova, Solid 
State Commun. 79, 569 (1991). 

6 M. N. Popova and I. V. Paukov, Phys. Lett. A 159, 187 (1991). 

7 M. N. Popova and I. V. Paukov, Opt. Spectrosc. 76, 254 (1994). 

S N. I. Agladze, M. N. Popova, E. P Khlybov, and G. G. Chepurko, JETP 
Lett. 48, 45 (1988). 

9 M. N. Popova and G. G. Chepurko, JETP Lett. 52, 562 (1990). 

10 M. N. Popova and I. V. Paukov, in Proceedings of the 2nd International 
School on Excited States of Transition Elements, Poland, September 1991, 
edited by W. Strek, W. Ryba-Romanowski, J. Legendziewicz, and B. 
Jezhowska-Trzebiatowska (World Scientific, Singapore, 1992), pp. 211— 
220 . 

" I. V. Paukov, M. N. Popova, and B. V. Mill, Phys. Lett. A169, 301 (1992). 

12 1. V. Paukov, M. N. Popova, and B. V. Mill, Phys. Lett. A157, 306 (1991). 

13 Yu A. Hadjiiskii, R. Z. Levitin, B. V. Mill, 1. V. Paukov, M. N Popova, 
and V V. Snegirev, Solid State Commun. 85, 743 (1993). 

14 G. G. Chepurko, Z. A. Kazei, D. A. Kudrjavtsev, R. Z. Levitin, B. V. Mill, 
M. N. Popova, and V. V. Snegirev, Phys. Lett. A 157, 81 (1991). 

15 Yu. A. Hadjiiskii, I. V. Paukov, and M N Popova, Phys. Lett. A 189, 109 
(1994). 

16 I V Paukov, M. N. Popova, and J. Klamut, Phys Lett. 189, 103 (1994). 

17 1. V. Golosovsky, P. Boni, and P Fisher, Phys. Lett. A 182, 161 (1993). 

18 V. L. Sobolev, I. M. Vitebsky, and A. A. Lisyansky, Phys Rev. B 47, 8653 
(1993). 


J. Appl Phys., Vol. 76. No, 10, 15 November 1994 


M. N Popova 7107 





How does mean-field theory work in magnetic multilayer systems? 

Xiao Hu and Yoshiyuki Kawazoe 

Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980, Japan 

Phase transition and critical phenomena in magnetic multilayer systems are studied in terms of 
Ginzburg-Landau mean-field theory. Detailed calculations are carried out for a system consisting of 
a layer of finite thickness coupled to a semi-infinite bulk magnet. Correlation functions are derived 
and the shift in critical point with the overlayer thickness and coupling between the neighboring 
layer is evaluated. A new critical exponent F=1 is derived for the divergence of the effective 
extrapolation length at the interface with temperature and/or layer thickness. 


I. INTRODUCTION 

Magnetic multilayers are known to be very useful for 
magneto-optical recording. 1,2 The state-of-the-art technolo¬ 
gies are so sophisticated as to resort to the difference among 
the critical points in the individual layers and the detailed 
temperature dependences of magnetization and anisotropy. 
Among the problems that have been raised from the experi¬ 
mental side in the recent years, we would like to call the 
attention to the shift of the critical point and new critical 
phenomena in magnetic multilayer structures coming from 
the finite thicknesses of the individual layers. For example, 
in the bilayer system for the magneto-optical recording, the 
thickness of the layer with in-plane anisotropy is typically of 
order of 100 A. 2 Therefore, the thin layer can neither be 
treated simply as the surface to the bulk medium, nor be 
approximated as a semi-infinite bulk, both of which have 
been studied extensively. 3-8 One has to treat a system con¬ 
sisting of a layer with finite thickness coupled to a semi¬ 
infinite bulk. 9-12 

Since this structure is the simplest one that exhibits the 
most important aspects of multilayer structures, we concen¬ 
trate on it in the present study. The geometry of the system is 
schematically shown in Fig. 1. The magnetic constants are 
taken to be uniform in the individual subsystems and to 
change abruptly at the interface. 


II. FORMALISM AND RESULTS 


The Ginzburg-Landau free-energy functional 3 for the 
present system under an external field can be given as 


* f 

J Jo 


- A\in 2 + — B\m 4 —H txt m 


1 (dm \ ‘ 

dz 


+ 2 Cl 


dz + 


/ dx \\ \ Cl> 


\ i m 2 (z=L) 


•f 


w: 


1 , i 

- A 2 nr + - B 2 m -H m m 


1 I dm \ 2 
+ ^ Co — 


2 dz! ,dZ ’ 
with the following interface condition: 


U) 


m(x||,z= + 0) = m(X||,z= -0). 


( 2 ) 


The thickness L will be kept finite but large on the scale 
of the atomic lengths. The areas of the surfaces and the in¬ 
terface, on the other hand, are taken to be infinite. The coef¬ 
ficients of the quadratic terms are given by 


A,=A;(r-r cl ), 


(3) 


A 2 =A' 2 (T-T c2 ), 


where T cX and T cl are the mean-field critical points .'jr the 
layer in the infinite-thickness limit and the semi-infinite bulk, 
respectively, and A J and A 2 are positive constants. The co¬ 
efficients B, and C, for i- 1 and 2 are taken to be positive 
with weak temperature dependences. The parameter \ is 
adopted to describe the surface condition of the thin layer. In 
the present paper, we consider the case of T ci >T c2 and 
\>0. The free-energy functional studied up to the present 4-6 
can be obtained, putting L = 0 in (1). 

The differential equations for the correlation functions 
are derived from (1) and (2) as 



FIG, I Geometry of the present system: a thin layer coupled to a senn- 
infimte bulk 
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d S (Qjh z > z - + y ^(Q||; 2 ,z')= <5(z-z'), 0 <z<L, 

d + yfo(Q|| ;z,z') = 0, z<0, 


for z’> 0, and 

f o» 2 5(Q||;z,z') , 


2-+ Ti5(Qi| ;z,z') = 0, 0<z<L, 


d 2 S(Qf,z,z') 


+ rlS(Qf,z,z')=^r S(z-z'), z<0, 


for z'<0, where 

5(r,r')=| ^^=r 5 (Qii; 2: »' 2 ') ex p['Qr( x ir x ii)^ 

7i = £r 2+ 2f=£r + Gf> 72 s ^2 2 + Cf-^r + i2||- 

The boundary conditions are 

J, A 0(Q||,Z,Z )| 2 = Z. » a- 


wo . yrM . _ wo . 7 ^. ^Q«; 2 > 2, > 

j(Q||.2,Z )|2 =+0 -o(Q|| ,Z,Z )|j=-o> ^ ~ dz 

2=+0 z -~0 

It is not difficult to obtain the solutions to the above equations, and the correlation function is given explicitly for (4), 

1_ (C’iyi-C 2 y 2 )exp(-yiz) + (C l yi+C 2 y 2 )exp(y 1 z) 

(Q| I ;Z ’ 2 )= 2C,y, (C,y, + C 2 y 2 )(y, + X- 1 )/(y,-X" 1 )-(C,y,-C 2 y 2 )exp(-2y,Ij 


X | exp[ - y , ( 2L -z ')] + - _ T exp( - v,z 1 ’) j , (9) 

for 0=Sz, z'^L. 

At first glance, the above correlation function in the layer becomes singular at the critical point T cV One finds, however, 

J _(C [ y l -C 2 y 2 )exp[-y 1 (2L + z -z')] _ 

2y t (C 1 y 1 + C 2 y 2 )(y l + X~ i )/(y l -X” l )-(Ciy l -C 2 y2)exp(-2y 1 I) 

f x dk -exp[/£(Z, + z-z') + /0 1 + f# 2 ] 1 —, cos[£„(z-z')] 1 

J-oc 277 (k 2 + y])2i sin(kL + 0 X + ^ 2 ) 2 j=1 , L+ddy/dk + ddj/dk k~ n + y\' ^ ^ 


and three other similar relations, where the summation is on 
the solutions of the following equation: 

i k i 

W, + tan —-Man £X = /nr, for «= 1,2,..., 

c 2 y 2 

(ID 

graphically solved in Fig. 2, 0 X - tan"‘(£/C 2 y 2 ) and 
<92=tan^'(X/:). The integral terms, which show singularities 
at T c „ cancel completely with each other, and thus the cor¬ 
relation function S(Q||;z,z') in (9) is equivalent to 

S(Qli;z,z') 


1 fl = l,2. 


cos[£„(z - z') ] - cos[£„(z + z') + 2 6 X ] 
L+dO l /dk + dd 2 /dk 


' k ‘„ + y ! 


1 v sin(A„z+tf^sinl^z'+ f^) ^ 1 

~ ~F~ I -L A O IAI-A.AO I Ah 


1 11 = 1 , 2 , 


L+dd l ldk + dd 2 /dk k 2 +y\ 


The above complete cancellation among the integral 
terms is the mechanism responsible for the shift of critical 
point in the layer of finite thickness. 

The correlation function in real space is then given as 
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FIG. 2. Graphical solutions for (11): Solid curves are from (11); the dashed 
line is for y-kL. 

2 v sin(A„z+ 0 1 )sin(£„z' + <?i) 

5(r,r )- C, n J“ L + dO 1 /dk+d0 1 /dk 

XG (/ _,(X|-X|],^ + ^" 2 ), (13) 

where the function G d (r,t) is defined in Ref. 6. The critical 
point is determined by k] + ^J‘ 2 =0 from (13). As & 2 >0, it is 
now clear that T c <T ci . 

Incorporating the definitions of the correlation lengths 
and & > n (7), one arrives at the following equation for the 
critical point T c : 

L Vf=co, (M) 

Comparing with (12) in Ref. 8, it becomes clear that the first 
term on the right-hand side in the above equation expresses 
the effect of interfacial coupling. Therefore, the shift of criti¬ 
cal point of a layer depends on the magnetic properties of the 
neighboring layer to which it is coupled in a fashion given in 
the above relation. The critical point T c is also the tempera¬ 
ture at which spontaneous magnetic ordering occurs in the 
thin layer. We note that this coincidence is not trivial in the 
present inhomogeneous system. 

As L—*co, the minimal pole k ] approaches zero and the 
critical point is then restored to T cl , as it should be by defi¬ 
nition. 

As for the correlation function within the semi-infinite 
bulk, it is found that the effect from the thin layer to the 
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semi-infinite bulk can be expressed effectively by an ex¬ 
trapolation length The effective extrapolation length at 
the interface in the present system shows a clear temperature 
dependence, forming a contrast to the ones in previous 
studies 4-6 and that on the top surface of the present structure. 
Furthermore, it diverges with a new exponent v, 

£l. 2 ~|i r-»r,, (is) 

with v=l, where T*<T cl is given by 

L>/A;(r cl -r,)/c,= cor 1 WA;(r cl -r*)/c,. (16) 

This critical exponent should be compared with the well- 
known v= \ for the correlation length. 

The divergence of the effective extrapolation length can 
also be observed as the thickness of the layer increases, 
while the temperature is fixed. The critical exponent is also 
i>= 1 in the present mean-field theory. 

It can be shown, within the present approach, that as the 
thickness L of the layer approaches infinity, the effective ex¬ 
trapolation length becomes C 2 ^\IC l . It diverges at T = T cl 
with the critical exponent r>=j for the correlation length. 
Therefore, the divergence of the interfacial extrapolation 
length with the exponent i>=l is a characteristic phenom¬ 
enon in systems where a layer with finite thickness is 
coupled into the structure, such as the one discussed in the 
present paper. 

III. SUMMARY 

Magnetic multilayer structures are studied within the 
Ginzburg-Landau free-energy functional formalism. The 
shift of critical point is discussed, and the effects from the 
finiteness of layer thickness and from the coupling between 
neighboring layers are clarified for a system consisting of a 
magnetic overlayer on a bulk ferromagnet. The present result 
is expected to be important for the practical multilayer-disk 
design. 
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Magnetic properties of the one-dimensionai Heisenberg compounds 
(3-X-anilinium) 8 [CuCI 6 ]CI 4 ; X=Br, I 
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Recent x-ray diffraction studies have suggested that (3-CI-anilinium) 8 [CuCI 6 ]Cl 4 exhibits 
compressed [CuCl 6 ] 4- octahedra. We report here the synthesis of the (3-Br-anilinium) g [CuCi 6 ]Cl 4 
and (3-I-anilinium) g [CuCl 6 ]Cl 4 analogs. Their magnetic behavior is quite similar to one another, and 
in comparison to the chloro compound, the only similarity is that they all exhibit chain magnetism, 
as evidenced by their broad maxima in the region of 9-12 K. The bromo and iodo compounds do 
not exhibit the field dependence of the chloro compound, and in this respect, the chloro compound 
remains unique. For all three compounds, magnetic susceptibility data can be analyzed by the 
antiferromagnetic one-dimensional Heisenberg model. 


I. INTRODUCTION 

Bright yellow needle-like crystals with the composition 
(3-chloro-anilinium) g CuCl 10 were first reported to consist of 
discrete [CuCl 6 ] 4- ions in a tetragonal compressed octahe¬ 
dral coordination geometry. 1 We subsequently reported an 
independent x-ray structure determination at 298 K that re¬ 
produced this apparent compression, and provided structure 
determinations at 150 and 110 K, carried out in two indepen¬ 
dent laboratories, that revealed no significant changes con¬ 
cerning the compression versus elongation dilemma. 2 To 
date, all crystal structure determinations (293-110 K) have 
revealed a tetragonally compressed octahedron with four 
long Cu-Cl bonds of intermediate length (2.6 A) and two 
short Cu-Cl bonds of 2.28 A. The [CuCI 6 ] 4- ions form a 
linear chain through axial Cl-Cl contacts (3.99 A) between 
the [CuClJ 4- ions, with the axis of tetragonal compression 
parallel to the axis of chain propagation. 

In addition to the low-temperature structure determina¬ 
tions, we demonstrated with low-temperature (down to 1.7 
K) single crystal magnetic susceptibility and EPR data that 
the material revealed a complex magnetic problem with sev¬ 
eral key questions concerning Jahn-Teller related lattice dy¬ 
namics and disorder.' More recently, low-temperature elec¬ 
tronic spectral data have been invoked in conjunction with 
the magnetic and EPR data to suggest that at the local level, 
each [CuCl 6 ] 4- ion is tetragonally elongated, and that the 
axis of elongation is “antiferrodistortively” disordered over 
two possible sites, thereby leading to the crystallographically 
determined bond lengths that correspond to intermediate 
long bonds averaged over the unit cell and suggestive of 
compressed geometry. 3 These possibilities have stimulated 
additional synthetic, theoretical, spectroscopic, magnetic, 
and EPR studies. In this paper, we report the synthesis and 
magnetic characterization of (3-bromo-anilinium) g CuCl 10 
and (3-iodoanilinium) g CuCl )0 . 

II. EXPERIMENT 

(3-Br-anilinium) g CuCl 10 and (3-I-anilinium) g CuCl i0 
were prepared by stoichiometric reaction of the appropriate 
3-X-aniline with CuCI 2 -2H 2 0 in saturated 60/40 HC1/ 


'’Author to whom all correspondence should be addressed. 


ethanol solutions. Second crops of crystals typically yielded 
higher quality product. Both products are bright yellow 
needle-like crystals. Elemental analysis, Atlantic Microlab: 
C 48 H 56 Cl 10 Br g N g Cu, expected (actual) H 3.13 (3.08), C 
31.99 (31.99), N 6.22 (6.21), Cl 19.67 (19.63), Br 35.47 
(35.42); C 4g H 55 Clj 0 I g N g Cu, expected (actual) H 2.59 (2.52), 
C 26.47 (26.51), N 5.14 (5.11), Cl 16.28 (16.30), 1 46.61 
(46.30). 

All attempts to perform a single crystal x-ray structure 
determination have so far been unsuccessful. The habit of the 
acicular crystals is that of bundled fibers, thereby rendering 
most crystals as too small for diffraction, or too fragile with 
respect to clea’ age when trying to cut the larger crystals to 
size. X-ray powder diffraction has been utilized to character¬ 
ize the materials for comparison to the chloro derivative. 
Data were collected on a Rigaku D2000 and a Scintag 
XDS2000 at 293 K. Powder spectra for the bromo and iodo 
derivatives were supcrimposable and were fit to a tetragonal 
cell: (3-Br-anilinium) 8 CuCl 10 , a = 8.92 A, c= 11.38 A; 
(3-I-anilinium) g CuCl 10 , a = 8.92 A, c = 11.38 A. 

Magnetic susceptibility measurements on freshly pre¬ 
pared powder samples were collected in the temperature 
range 1.7-300 K using a Quantum Design SQUID-based 
magnetometer utilizing modifications and procedures de¬ 
scribed elsewhere. 4 Data were corrected for temperature in¬ 
dependent magnetism (A'=Br:-1012X10 -6 emu/mol; and 
X=I:-1124X10 -6 emu/mol) using Pascal’s constants for the 
diamagnetic components 5 and a T.I.P. per Cu(II) ion of 
60X10' 6 emu/mole. Figures in this paper are based on the 
molecular weights of 1802.3 g/mol (Br) and 2178.3 g/mol 
(I). 

ill. RESULTS AND DISCUSSION 

All of the crystal structure determinations 1,2 of (3-C1- 
anilinium) g [CuCl 6 ]Cl 4 have indicated that discrete 
3-chloroanilinium ions, uncoordinated chloride ions, and 
[CuCl 6 ] 4 ' ions comprise the triclinic unit cell. The [CuCl 6 ] 4 ' 
ions are linked into a quasilinear chain by way of axial 
Cl-Cl interactions; this lattice arrangement leads to the char¬ 
acteristic chain magnetism that has now been repeatedly 
verified. 1 ' 3 Since we have only been able to collect powder 
diffraction data for the bromo and iodo derivatives, the no¬ 
table observation is that the powder diffraction pattern of the 
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FIG. 1. View perpendicular to the chain structure in (3-X-an- 
ilinium) 8 [CuCl 6 ]Cl 4 ; the superexchange pathway is the Cu-Ci -Cu-Cl 
contact. 


chloro derivative (triclinic) is noticeably more complex than 
the diffraction patterns of the bromo and iodo derivatives 
(which are superimposable on one another within experimen¬ 
tal error). In view of the elemental analyses, which confirm 
that the molecular composition of all three compounds cor¬ 
responds to the general formula (3-X-anilinium) 8 [CuCl 6 ]Cl 4 , 
the tetragonal unit cell parameters for the bromo and iodo 
derivatives equate to a smaller unit cell with a smaller vol¬ 
ume and a higher symmetry. 

On this basis, the general packing arrangement of the 
[CuC 1 6 ] 4 ~ ions in the bromo and iodo derivatives is expected 
to be similar to the chloro compound, i.e., a quasilinear chain 
arrangement similar to the chain structure of (3-Cl-an- 
ilinium) 8 [CuCl 6 ]Cl 4 , shown in Figs. 1 and 2. The copper- 
copper separation along the chain is 8.55 A in the chloro 
compound. Antiferromagnetic superexchange interactions 
along such a chain arise from the -Cl(7')-Cu- 
Cl(7)-Cl(7')-Cu-Cl(7)-pathway, where the only close con¬ 
tact from an axial Cl(7) is to another axial Cl(7') on a neigh¬ 
boring complex along the chain direction. This contact has 
been shown to be temperature dependent [3.995 (293 K)/ 
3.805 (110 K)], as a result of thermal contraction of the unit 



FIG. 2 Packing view along the chain axis in (3-X-anilmium) g [CuCl 6 ]CI. t . 


cell, 2 and could very well lead to a temperature-dependent 
Heisenberg exchange. This distance is slightly greater than 
the van der Waal’s contact of 3.60 A. 6 The next closest con¬ 
tacts for the axial chlorides are to the uncoordinated chlo¬ 
rides at over 4.0 A. 

Since the structure of the [CuCl 6 ] 4 ” ion may be a time- 
averaged structure in which the four “long” equatorial 
Cu-Cl bonds (of intermediate length, 2.6 A) are actually an 
average of two long Cu-Cl bonds of 2.9 A and two short 
bonds of 2.3 A; then the crowded equatorial-coordinated- 
chloride to organo-chloro distance of 3.45 A may be easily 
affected by chemical modification of the aniline metasub¬ 
stituent. With the bromo and iodo derivatives, we have ef¬ 
fected such a change. With the larger organo-halogens, the 
overall structure has clearly adjusted in order to accommo¬ 
date the larger atoms. Given that the general nature of the 
lattice packing is preserved, the tetragonal a axis (8.92 A) for 
both the bromo and iodo derivatives may reflect a Cu-Cu 
separation along the chain axis that is increased, relative to 
the 8.55 A of the chloro compound. Precisely how the larger 
organo-halogens result in a structure of higher symmetry 
must await a complete structure determination. 

The magnetic susceptibility data provide the strongest 
evidence that the quasichain structure in (3-Cl-an- 
ilinium) 8 [CuCl 6 ]Cl 4 is also present in the bromo and iodo 
compounds. SQUID-based temperature-dependent magnetic 
susceptibility data were collected for the bromo and iodo 
derivatives, with applied magnetic fields in the range 0.1 mT 
to 1.0 T, and in the temperature range 1.7-300 K. Represen¬ 
tative data for the bromo derivative are plotted in Fig. 3 as 
\ m , 1 /Xm, and /x cff =2.828(x m 7') 1/2 ; the iodo data are 
nearly identical. Several dominant features are noteworthy. 
The Xm °f the bromo material exhibits a susceptibility maxi¬ 
mum at a temperature of 11.5 K (iodo: 10.5 K) and jx tK drops 
from near 1.8 B.M. at 300 K toward 0.4 B.M. near 2 K. 
These data are in qualitative agreement with the previous 
susceptibility studies on the chloro compound and suggest 
the presence of antiferromagnetic exchange interactions in a 
one-dimensional magnetic system. 

In view of the observation that a quasichain structure is 
maintained for the bromo and iodo derivatives, it is reason¬ 
able to fit the susceptibility data to the uniform S = | Heisen¬ 
berg spin chain, given by the Hamiltonian 

//=-27 i; E S.-S,, 

i 

where J t) is the isotropic intrachain exchange parameter. The 
theoretical treatment of such a uniform chain was first pro¬ 
vided by Bonner and Fisher. 7 Hall 8 later provided a useful 
analytical expression for the temperature dependence of the 
magnetic susceptibility as 

*bp= (Ng 2 nl/k B T)[A +Bx + Cr ]/[ 1 + Dx + Ex 2 

+ Fx 3 ], (1) 

where the coefficients 8 are given as A = 0.2 5, B = 0.14 9 95, 
C = 0.300 94, £> = 1.9862, £ = 0.688 54, F = 6.0626, 
and x = \J\/k B T\ N is Avogadro’s number, n is the Bohr mag¬ 
neton, k is the Boltzmann constant, and g is the gyromag- 
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FIG. 3 Magnetic data for (3-Br-anilinium) 8 [CuCl 6 ]Cl 4 , curves are drawn using the best-fit parameters given in the text (O —\m > ^—1 IXm > O—Mctf)- 


netic ratio for the electron. Interchain interactions, denoted 
zJ' , can be accounted for by applying a molecular field cor¬ 
rection to the * BF expression, thus obtaining 

AGx>rr=XBF/(l-2z/'WAte 2 /4)> ( 2 ) 

where J' is the interchain exchange parameter and z is the 
number of nearest neighbors. A best fit of the x mtt expression 
to the \m data using nonlinear regression 9 yielded best-fit 
fitting parameters for bromo: J= -6.9 cm -1 , zJ' = -1.64 
cm -1 , % impurity=0.20 and g = 2.13; and for iodo\ J 
= -6.6 cm -1 , zJ' = - 1.35 cm -1 , % impurity=0.26 and 
g = 2.13. The impurity fitting parameter was obtained by 
adding a monomeric Curie term to Eq. (2); this helps to 
account for the Curie tail evident in the data. 

The solid line in Fig. 3 is generated with the best-fit 
parameters; it is in excellent agreement with the temperature 
dependence and the position of the maximum, as calculated 
according to the Bonner-Fisher model (/c H 7 max /|Jj 
= 1.2828). The best-fit values for g are in excellent agree¬ 
ment with the EPR g value of 2.14. Unlike the chloro com¬ 
pound, the bromo and iodo derivatives do not exhibit mag¬ 
netic field dependence below 10 K. They do, however, 
always exhibit the impurity tail clearly seen in Fig. 3. Sev¬ 
eral sample preparations have been used to demonstrate that 
the tail is essentially independent of the sample preparation 
technique or crystal quality. It has often been surmised that 
such effects can then be ascribed to finite chain effects be¬ 
cause short finite chains with an odd number of spins would 


have a diverging susceptibility at low temperatures. It is clear 
however, that the magnitude of the bromo and iodo exchange 
energies are less than the -9.3 cm -1 found for the chloro 
compound, with that of the iodo material being slightly less 
than that of the bromo material. The decrease in the magni¬ 
tude of the exchange energy corresponds well with the ex¬ 
pected increased distance of the Cu-Cl -Cl-Cu superex¬ 
change pathway, given that the larger organo-halogens 
increase this distance, as suggested by the powder diffraction 
data. Single crystal studies continue to be addressed. 
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Comparison of two-dimensional Heisenberg and two-dimensional XY 
model behaviors in Pd(1.2 at. % Fe) films 

J. D. McKinley 

Physics Department and Rice Quantum Institute, Rice University, Houston, Texas 77251-1892 

Multilayer Pd/Pd(1.2 at. % Fe)/Fd thin films were prepared by dc magnetron sputtering and 
characterized with dc SQUID magnetometry. Evidence for two-dimensional (2D) Heisenberg and 
2D AT mode' behaviors was found in two different regions of temperature. In these temperature 
regimes, our data agree with the predicted form for magnetization M and susceptibility x as 
functions of field and temperature. Both model’s susceptibilities were found to fit our data. M and 
X exhibit discontinuities at magnetic layer thickness-dependent temperatures which separate the 
different model behaviors. 


I. INTRODUCTION 

The Pd/Pd(1.2 at. % Fe)/Pd random quenched thin film 
trilayers were originally prepared as a model system for 
studying two-dimensional Heisenberg (2DH) model magne¬ 
tism in a single magnetic layer. 1,2 We were motivated by 
previous studies of bulk dilute Fe-doped Pd alloys 3,4 showing 
Fe concentrations in Pd above 0.1 at. % to be 3D Heisenberg 
ferromagnets; dimensional reduction should result in two- 
dimensional behavior. Thick Pd layers provide good crystal 
growth, prevent oxidation in the Pd(Fe) layer, and ensure 
“bulk” lattice constants in the magnetic layer. The Pd(Fe) 
magnetic layer thickness L was varied over the range 5 k<L 
<500 A. Polycrystalline Pd(300 A)/Pd(Fe) (L A)/Pd(300 A) 
films were grown on Si(lll) substrates at room temperature 
using dc magnetron sputtering, at rates of ~1 A/s in a UHV 
chamber in pressures P«5X10~ 9 Torr. The films were char¬ 
acterized in a parallel applied field using a dc SQUID mag¬ 
netometer. The 2DH model magnetic behaviors were ob¬ 
served in each film over a range of temperatures below the 
bulk Pd(Fe) 7>40 K. 

The magnetic properties in the Pd(Fe) films indicate a 
phase transition or crossover to a different model behavior, 
possibly 2D AY, 1 at a thickness-dependent temperature. This 
behavior persists to an even lower temperature, where finite 
magnetizations and hysteresis loops are observed. We also 
observed peaks in the low-field magnetization versus tem¬ 
perature dependence. 

It is well known 5 that there is no long-range ferromag¬ 
netic order in a fully isotropic 2DH ferromagnet. Real physi¬ 
cal systems have anisotropies, which are often temperature 
dependent. The Pd(Fe) layer has a slightly smaller lattice 
constant 4 than the pure Pd layers, and this produces in-plane 
anisotropy. 

The dimensional reduction of the Pd(Fe) layer also re¬ 
sults in finite size 2 effects. At some temperature the percolat¬ 
ing magnetic cluster in the Pd(Fe) layer reaches the finite 
thickness of the magnetic layer, constraining it to grow lat¬ 
erally at lower temperatures. Other finite sizes possibly af¬ 
fecting magnetic percolation are the crystallites from 100 to 
300 A in size, closely packed into islands with 0.1- to 
0.2-/xm lateral diameters, as determined from x-ray crystal¬ 
lography and transmission electron microscopy. 

Finite field magnetization M{H) data and susceptibility 
X(T) data are presented for a 500-A-thick Pd(Fe) layer film. 


Model predictions for 2DH and 2D AT behaviors are com¬ 
pared to these data in two separate regions of temperature. 

II. 2D HEISENBERG AND 2DXY MODEL BEHAVIORS 

The 2D Heisenberg and 2D AT models predict 6 ' 10 simi¬ 
lar field dependence of the magnetization and temperature 
dependence of the susceptibility, as shown below: 

*2DH( T) ~ exp (BIT ), M 2m (H) ~A ( T)ln{H/H*), 

X2D*v(T)~exp(B7x), M 2DXY (H)~H US , S= 15. 

where H is the externally applied field, H* is a thickness- 
dependent constant, T the ambient temperature, and 
t=(T~T kt )/T kt is the reduced temperature using the 
Kosterlitz-Thouless temperature as the Curie temperature. 
The prefactor A (T) is a function 7 of temperature T, and ex¬ 
ponents B and B' depend on the magnetic layer thickness. 
Because the susceptibility model predictions are similar, the 
different model behaviors must be carefully distinguished. 
Physical reasons are given for interpreting the low- and high- 
temperature regions as corresponding to 2D XY (see below) 
and 2DH 1 behaviors, respectively. Interestingly, the 2D XY 
prediction for equation of state critical exponent 8= 15 is the 
same as for the 2D Ising model. 

III. RESULTS AND DISCUSSION 

In Figs. 1(a) and 1(b), the susceptibility data are fit to the 
2DH and 2D XY predictions, respectively. Both models fit 
the whole range of data. In Fig. 1(a), the 2DH model 
A' 2 dh(^) > s plotted as ln(*) vs 1 IT. The high- and low- 
temperature regions are divided by a fairly sharp “kink” in 
the curve, as indicated by the lines drawn onto the data. The 
lines themselves are not the fits to the data, but separate fits 
to each region show that both portions are very linear, with 
correlation coefficients R~0.999. A line drawn from the in¬ 
tersection of the extrapolated fits indicates a kink tempera¬ 
ture T kink s36 K. The 2D XY model ^ 2 d xy( t ) * s fitted ,0 
the data as ln(^) vs r _1/2 in Fig. 1(b). Remarkably, for the 
500-A Pd(Fe) film data a single line can fit the susceptibility 
over the full range of temperatures. Two regions in the data 
can be determined with slightly different slopes, as the drawn 
lines indicate, but the differences are within uncertainties. 

Magnetization data for the 500-A-thick Pd(Fe) film is 
fitted to the 2DH model in Fig. 2(a) and to the 2D XY model 
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FIG. 1. Susceptibility \ vs temperature T plots for a 500-A-thick Pd(Fe) 
magnetic layer. Plots (a) and (b). respectively, assume 2DH and 2D XY 
model behavior over the full range of temperatures from T c [bulk Pd(Fe)] 
“»40 K down to 7^(500 A)=32.4±0.2 K. Both linear regions in (a) fit the 
2DH prediction well, with the slope merely increasing ~50% at the “kink” 
temperature 36 K. The 2D XY assumption in plot (b) tit- the entire 
temperature region; a slight change in slope near T kulk lies within the uncer¬ 
tainty of the 500-A film data. The changes in the slope at are a function 
of magnetic layer thickness. 


M, n „(H) « A(T) ln(H/H*) 25 K 
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FIG. 2. Magnetization M vs applied field H plots for a 500-A-thick Pd(Fe) 
magnetic layer. Plot (a) over temperatures 32.4«T=s40.0 K yields good 
agreement with 2DH behavior at finite fields. Plot (b) assuming 2D XY 
behavior indicates the onset of 2D XY behavior near T klnk =»36 K. Both 
model behaviors can be said to fit the data, but each seems to fit one tem¬ 
perature region slightly better 


in Fig. 2(b). Here, differences between the two models are 
more apparent. The data were originally taken to study the 
2DH behavior at higher temperatures, but enough data at 
lower temperatures was taken for a useful comparison. The 
2DH prediction is only expected to apply for finite fields, and 
the Fig. 2(a) curves are linear at higher fields up to magnetic 
saturation. In lower fields, the magnetization is linear in the 
field, and was used to obtain the zero-field susceptibilities 
already discussed. The 2D XY model equation of state pre¬ 
diction (using the predicted critical exponent <5=15) is 
shown in Fig. 2(b). It fits the data fairly well over the entire 
temperature range, but especially near the kink temperature. 
Despite the absence of intermediate data, the 30 and 35 K M 
vs H curves indicate a Kosterlitz-Thouless transition could 
have occurred between them. 


The 2D AY model is consistent with the presence of 
magnetization versus temperature peaks observed in very 
small field measurements. A magnetization versus tempera¬ 
ture peak for the 500-A sample was observed around 32.4 to 
33.0 K. Although the low fields were probably nonuniform, 
they were constant. Since the magnetization is proportional 
to the field in sufficiently low fields, a peak probably dem¬ 
onstrates a finite temperature susceptibility divergence. It is 
not prominent, and is superimposed on a iarge monotonically 
increasing magnetization curve. At present only the approxi¬ 
mate location of the peak is reliable. An exponentially di¬ 
verging shape is expected of a Kosterlitz-Thouless transi¬ 
tion, instead of the usual power law divergence. Stronger 
evidence of such a peak shape is seen in data for the thinner 
films (L <500 A), but consistent reproduction of the results 
will require a magnetometer measuring in controllably uni¬ 
form low fields. Confirmation of the peak and peak shape, 
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coupled with demagnetization-limited susceptibility below 
Tptik would indicate 2D XY model behavior prevailing be¬ 
low the kink temperature. 

IV. CONCLUSIONS 

The 2D Heisenberg and 2D XY model behaviors are 
functionally similar. Consequently, magnetization M(H) and 
susceptibility x(T) for both models can b<* p “ed to all the 
data. However, the model behaviors are dis. hed by the 
kink in the 2DH plot of ln(*) vs 1 IT. Also, uo susceptibility 
or magnetization peaks are seen at the temperature for which 
the susceptibility kink occurs, whereas a magnetization peak 
is observed at a lower temperature that could correspond to a 
Kosterlitz-Thouless transition. 

For thinner films 1,2 the total range of temperature for 
both regions is greater and the behaviors are more easily 
distinguished, but the signal-to-noise ratios are proportion¬ 
ately worse, and low-temperature behavior in the thinnest 
films is more difficult to obtain experimentally. The 500-A 
film also has the advantage of sufficient signal strength to 
observe its behavior up to and somewhat above the bulk 
Pd(1.2 at. % Fe) T^AO K, thus connecting it to bulk Pd(Fe) 
results. The films described here were polycrystalline. Better 
film growth is currently being pursued, to increase the crystal 
size and determine if the boundaries between the different 
model behaviors become more sharply defined. 
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The effects of frustrated biquadratic interactions on the phase diagrams 
and criticality of the Blume-Emery-Griffiths model (abstract) 

Daniel P. Snowman and Susan R. McKay 

Department of Physics and Astronomy, University of Maine, Orono, Maine 04469 

The Blume-Emery-Griffiths model, a spin-1 Ising model with bilinear (7), biquadratic (K), and the 
crystal field (A) terms, provides a general system for the study of both density and magnetic 
fluctuations. Previous work has shown that a rich variety of phase diagrams occurs in cases of 
positive 1 or negative 2 biquadratic coupling. In this study, we consider an exactly solvable system in 
which frustration is present due to competing biquadratic interactions. Thus, this calculation models 
a dilute ferromagnetic mate ial with two types of nearest neighbor site pairs, distinguished by 
whether or not simultaneous occupation is energetically favored. To determine the effects of this 
competition, we have constructed exactly solvable frustrated hierarchical models similar to those 
introduced to study spin glasses. 3 The resulting phase diagrams show that, when frustration is 
present, the dense disordered and dilute disordered phases can become separated by a phase with 
chaotic rescaling of K and A. In the J =0 plane, this chaotic rescaling is directly linked to that 
previously reported in spin glasses 3 via the Griffiths symmetry. 1,4 
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Magnetic phase transitions in CsEr(Mo0 4 ) 2 and KDy(Mo0 4 ) 2 -chain-layered 
Isirg compounds (abstract) 

E. N. Khats’ko and A. S. Cherny 

Institute for Low Temperature Physics & Engineering, Ukraine Academy of Sciences, 47 Lenin Avenue, 

Kharkov 310164, Ukraine 

The crystals investigated belong to the family of the orthorhombic layered rare-earth double 
molybdates. These crystals have aroused interest because of the diversity of structural and magnetic 
phase transitions, which are due to the crystalline structure and the electron energy spectrum of 
rare-earth ions. These ions are distinguished for their Ising behavior. The magnetization and 
susceptibility measurements were performed at temperatures between 0.5 and 300 K in magnetic 
fields up to 0.4 T along three principal magnetic axes. The 3D magnetic ordering is found to occur 
at T c =0.84 K for CsEr(Mo0 4 ) 2 and 7^=1.1 K for KDy(Mo0 4 ) 2 . The magnetic properties are 
strongly anisotropic both above and below T c . In the magnetic ordered state spin-orientation phase 
transitions were found in both of these compounds. For CsEr(Mo0 4 ) 2 a typical metamagnetic 
transition was observed along one magnetic field direction (b). There is a more intricate situation in 
the case of KDy(Mo0 4 ) 2 . The spin-orientation phase transition has a rather complex character: it is 
anitferromagnetic along the a axis, and ferromagnetic along the b and c axes. The magnetic 
structures of these compounds were determined. In the case of CsEr(Mo0 4 ) 2 a collinear 
two-sublattice structure of antiferromagnetically ordered ferromagnetic chains is realized. For 
KDy(Mo0 4 ) 2 , the magnetic structure is defined as a complicated noncollinear four sublattice 
structure with magnetic moments rotated 35° in the ac plane and 10° in the be plane. 


J Appl. Phys 76 (10), 15 November 1994 


0021 -8979/94/76(10)/7117/1/S6.00 


© 1994 American Institute of Physics 7117 



Superconductivity 


K. Bedell and B. Keimer, Chairmen 


Na-doping effect on the magnetic properties of the YBCO ceramics 

T. Nurgaliev, S. Miteva, I. Nedkov, A. Veneva, and M. Taslakov 
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Bulgaria 

The ac magnetization and the microwave surface resistance (at 12 GHz) were measured on a series 
of Na-doped YBCO ceramic samples at 77 K. Their magnetic behavior was explained on the basis 
of the modified critical state model by taking into account the existence of a field-dependent 
component J c] (due to weakly linked grains) and a field-independent component J cQ (due to 
perfectly linked grains) in the bulk critical current density of the samples. The Na and Cu remaining 
after the heat treatment of the samples changed the intergranular medium parameters and impeded 
the correlation between the grains. As a result, an increase of the Na concentration led to a decrease 
of the specimens critical current density and an increase of their surface resistance. At small Na 
concentrations, a certain increase of J cl was observed, which can be explained by taking into 
account the possibility of partial pinning of Josephson vortices in the “weakly seeded” places in the 
intergranular media. 


I. INTRODUCTION 

The magnetic behavior of the YBCO ceramics is largely 
dominated by processes in the intergranular medium, and 
described in the framework of the modified critical state 
model 1,2 by taking into account the field dependence of the 
mean intergranular critical current density J c . A particular 
form for the field dependence is usually assumed, and then 
the fitting parameters, corresponding to the components of 
the critical current density and the scaling field, are obtained 
from a comparison of the model calculation with the mea¬ 
sured data. 3,4 The microwave losses in such samples are 
mainly determined by intergranular coupling whose effi¬ 
ciency depends on the properties of the intergranular 
medium. 5,6 The presence of some metals during the YBCO 
synthesis affects the properties of the intergranular medium 7 
of the end product. One should expect as a result a modifi¬ 
cation of the magnetic and microwave parameters of these 
samples as compared with the undoped ones. 

This paper deals with experimental investigation and in¬ 
terpretation of the changes in the magnetic and microwave 
characteristics of YBCO ceramic samples prepared in the 
presence of a Na additive. 

II. EXPERIMENTAL 

The samples were produced using the general formula 
Yj_ 0 2 *Ba 2 -o 4 jCu 3+0 3 * 0 ,, where* varies from 0 to 

2.00, which allows an overstoichiometric presence of Na 2 0 
and traces of CuO on the grain boundaries in the > BCO 
ceramics. 

The presence of Na 2 C0 3 during the sintering process 
enabled us to obtain a highly homogeneous structure with 
low grain size. The physical measurements were carried out 
on disk-shaped samples with a thickness of about 1 mm and 
a diameter about 9 mm. To study a sample’s screening prop¬ 
erties, we placed the sample in an ac magnetic field (1 kHz) 


and the response signal was registered by an almost flat coil 
(4> 1.5X0.5 mm 2 ) located at the center of the high- 
temperature superconducting (HTSC) pellet. The screening 
parameter N was found by taking the ratio of the signal’s 
amplitude measured at superconducting (7"-77 K) and nor¬ 
mal ( T =295 K) state of the specimen. The surface resistance 
at 77 K was measured by means of Cu resonator structures 
formed on a thin dielectric substrate, with the HTSC pellet 
serving as a ground plate. 7 

To perform the critical current measurements, 4> 1X9 
mm 2 cylinders were cut from HTSC disks. The pick-up coil 
was tightly wound around the sample, and a phase-sensitive 
device was used to record the response signal. 


III. INTERPRETATION OF THE MAGNETIC BEHAVIOR 

To interpret the magnetic behavior of the ceramic sample 
at low magnetic fields (*s3 mT) the existence of two kinds of 
the intergranular contacts in the sample must be taken into 
account. 1 ~ <l The local macroscopic intergranular critical cur¬ 
rent density J cl for the weakly coupled grains nearly expo¬ 
nentially decreases with increasing of the local magnetic 
field 3,4 //, while the local macroscopic “bulk” critical cur¬ 
rent density J c0 remains unchangeable for the perfectly 
coupled grains. 9 By taking into account this, we assumed the 
following field dependence for the critical current density J c 
in our samples 

J c =J c0 +J c[ /ch(H/H c ), (1) 

wheie H c is the scaling field. When the external magnetic 
field H a decreases from its maximum H m to its minimum 
-H m , the following solution of the critical state equation 
can be obtained: 

/iiC \n[(e h ”+A)(e h ' + D)/{e h ”+D)(e h i+A)] 
—J(x~ 1) 0=£.v=£*,, (2) 
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FIG. 1. The screening parameter N vs the magnetic field amplitude H m for 
Na-doped YBCO pellets (01X9 mm 2 ) measured at 77 K. Curves 1-7 cor¬ 
respond to samples with initial Na concentrations x=0, 0.4, 0.75, 0.95, 1.2, 
1.5, and 2, respectively. 

h 2 -h a -C In [(e h °+A)(e h i+D)/(e h ‘-+D)(e h 2+A)] 

-—J(x- 1) *,=S*=S1, (3) 

where h x =H { IH c and h 2 =H 2 /H c are the dimensionless in¬ 
ternal magnetic fields: h m =H m /H c ; h a =HJH c \ 
J=J c0 R/H c ; A = k+(k 2 - 1) 1/2 ; D=k-(k 2 -l) 112 ; 

C=kl(k 2 - 1) 1/2 ; k=J cl /J c0 >l;x=r/R, r is the radial coor¬ 
dinate; x=rJR is the dimensionless coordinate where the 
shielding current changes its direction and //,(*,)=// 2 (x;). 
By solving Eqs. (2) and (3), one can find the magnetic field 
profile in the sample and calculate the total magnetic flux <f> 
which penetrates it. For a harmonic external field 
H a =H m cos (cot) (where to is the angular frequency), the ba¬ 
sic component of the total magnetic flux <p a can be expressed 
as follows: 

0< J =( A'„ cos (wt)-<j>l sin(wr) 

= 77 R 2 H m (/x' cos(wr)-/Lt" sin(w/) 

= TrR 2 H m [(x' + \)cos(ut)-x" sin(w/)], (4) 

where (j>' u and </>" are the in-phase and out-of-phase compo¬ 
nents of the magnetic flux, which can be obtained from <p{t) 
by means of a Fourier transform; /*', /*", , and Y' are the 

leal and imaginary components of the specimen’s dynamic 
permeability and susceptibility. Signals proportional to 
\<t>J.H m )\, 4>'SH m ), and are registered experimen¬ 

tally. Further, by comparing such theoretical and experimen¬ 
tal dependences, one can find the optimal values of the pa¬ 
rameters J c0 , J ci , H c corresponding to the real specimen 
characteristics. 

IV. RESULTS AND DISCUSSION 

Figure 1 presents the dependence of the screening coef- 
ficie n N of HTSC pellets with various Na-additive amounts 
on the amplitude H m of the external ac magnetic field. In 
specimens with small amounts (*= 50 . 75 ), the magnetic field 
begins to penetrate the intergranular medium at 0.5 
mT. A field of /*<//“= 1.0 mT leads to a decrease in the inter¬ 
granular critical current density and destroys the screening 


FIG. 2. Dependence of the response signal modulus (2) and the out-of-phase 
component (1) on the external-field amplitude H m for a Na-doped (x=0 4) 
YBCO sample (01X9 mm 2 ) measured at 77 K. The theoretical curves 1 and 
2 (solid) are obtained by taking into account the J c vs H dependence de¬ 
scribed by Eq. (1). The values of the fitting parameters are given in Table I. 
Curve 3 presents the |V| vs H m dependence for a sample in normal state 
(100 K). 


properties of the central zones of the pellet. At stronger fields 
HqH^2.0 mT, the screening effect is only due to the small 
number of “loops” consisting of perfectly linked grains and 
to the diamagnetism of the grains. The field starts penetrating 
the grains at 4.5 mT. An estimate of the critical cur¬ 

rent density for the grains J g using the above value for the 
field H g (for YBCO at 77 K, the London penetration depth is 
**0.3 yum) yields J cg ~H g /k^l0 b A/cm 2 , a value typical for 
single-crystal YBCO samples. A worsening of the pellets 
screening properties is observed for higher initial Na concen¬ 
trations (*s*0.75), but no noticeable drop of H g is seen. This 
means that within the concentrations interval indicated 
(0=£*^1.5), the Na affects mainly the electrical parameters 
of the intergranular boundaries. At x=2, however, the sample 
becomes “transparent” to the magnetic field 0.97) due 
to the strong suppression of the superconductivity in the 
grain themselves. 

To determine the critical current density J c , we used 
cylindrically shaped specimens with R =^0.5 mm. The depen¬ 
dences of the pick-up coil voltages modules 
|V'(// m )|~|0 u (// m )| and the out-of-phase component 
V"(H m )~<t>a(H m ) on the amplitude H m of the external mag¬ 
netic field was experimentally registered (Fig. 2). The values 
of the specimen’s effective static permeability /i c usually are 
0.5-0.6. The initial value of J c0 was then found through 
fitting the theoretical dependence \V(H m )\ (calculated for 
J cl =0, the expressions are given in Ref. 8) to the experimen¬ 
tal one measured at relatively large H m values so that the 
contribution of the weak links current to the response signal 
is small but, at the same time, the field does not penetrate the 
grains. For the initial H c value we assumed half of the field 
value which totally suppresses the weak link current. Further, 
the initial value of J cl was obtained by fitting the theoreti¬ 
cally calculated \V{H m )\ dependence [Eqs. (1)—(4)] to the 
experimental one. The last procedure was then repeated with 
each of the parameters J c0< J cl , H c varying within certain 
limits until good agreement was reached between the theo- 
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TABLE I. Characteristics of YBCO samples. 


X 

Jc 0 

(A/cm 2 ) 

J Cl 

(A/cm 2 ) 

M oW c 
(mT) 

Rs 

(mfi) (/ 0 =12 GHz) 

0 

45 

145 

0.70 

45 

0.40 

45 

180 

0.70 

50 

0.75 

36 

140 

0.70 

55 

0.95 

30 

123 

0.55 

65 

1.20 

20 

83 

0.40 

78 

1.50 

10 

28 

0.20 

100 


retical and experimental \V(H m )\ and V"(H m ) dependences. 
The sample characteristics found as described are presented 
in Taole I. 

Specimens with small Na-additive amounts (**=0.4) ex¬ 
hibit some increase of the weak link critical current density 
J cl , while the other two parameters J cQ and H c stay practi¬ 
cally unchanged. A further increase of the Na amount results 
in a decrease of all YBCO sample parameters and in their 
complete degradation at *=2. The behavior of the bulk 
sample electrical parameters is related to the properties of the 
intergranular boundaries. The critical current density J c for a 
single-tunnel Josephson junction is proportional to the junc¬ 
tion parameters A (the energy gap parameter) and R n (the 
normal-state tunneling resistance). 6 7 c «A 2 /i?„. The R n pa¬ 
rameter is strongly affected by the distance between the junc¬ 
tion boundaries. 6 After the heat treatment, the Na and Cu 
compounds are predominantly located on the surface of the 
YBCO grains and form a “surface layer” that can be char¬ 
acterized by a dielectric constant e and a conductivity a. A 
rise in the Na concentration leads to a drop in the critical 
current density at the expense of either an R n increase (for an 
intergranular medium with cr*=0) or a gap parameter suppres¬ 
sion (for an intergranular medium with crX)). Such a behav¬ 
ior of J c , J c{) , and H q was in fact observed in YBCO for Na 
concentrations *>0.75. For small Na concentrations 
(*^0.75), this “seeding” of the intergranular boundaries by 
Na compounds is insignificant. The small increases of the 
critical current density in the latter case can be explained by 
the possible pinning of Josephson vortices at the “seeded” 
points in the intergranular space. 

The surface resistance R s of the pellets increased with 
increasing*. If one assumes that the sample consists of weak 
links (i.e., the grain contribution to R s is small), its surface 


resistance at weak fields will be proportional to to 2 o/\ 2 , 
where \ } is the Josephson penetration depth. 6 On the other 
hand, \ ; ~J“ 1/2 , and, therefore, the surface resistance of the 
samples should increase as their critical current density de¬ 
creases. Such a relationship is well observed experimentally 
in samples with *>0.75; at smaller Na concentrations the R s 
variation with * is not significant. 

V. CONCLUSION 

In the present work, the results are presented of measure¬ 
ments of the screening parameter N, the critical current den¬ 
sity J c , and the surface resistance R s of YBCO samples pre¬ 
pared from initial batches containing various amounts of Na. 
The behavior of the intergranular critical current density J c is 
interpreted by taking into account the presence of both 
weakly linked grains and of a small number of perfectly 
linked grains. The values of J c and the behavior of its de¬ 
pendence on the field are determined by solving numerically 
the critical state equation and comparing the results with the 
experimental data. It is demonstrated that the Na and Cu 
compounds remaining in the samples after the heat treating 
process are predominantly located on the surface of the 
YBCO grains and impedes the correlation between the 
grains. As a result, an increase of the Na concentration leads 
to a decrease of the specimens’ critical current density and an 
increase of their surface resistance. However, at low Na con¬ 
centrations (*<0.75), a certain positive effect is observed in 
what concerns the critical current density J c ; this is probably 
related to the possibility of pa. dal pinning of Josephson vor¬ 
tices in the “weakly seeded” places on the boundaries. 
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Properties of polycrystalline samples of Nd 2 - x Ce x Cu0 4 _ y obtained 
from a sol-gel precursor 
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Polycrystalline samples of Nd 2 _^Ce JC Cu0 4 _ > ,(0.0 : Sx ; s0.17) obtained from a sol-gel precursor were 
sintered below the eutectic temperature and reduced under different conditions. From the results of 
x-ray powder diffraction, the tetragonal T' structure is preserved for Ce content up to x=0.17. A 
decrease in the lattice parameter c and a small increase in the lattice parameter a are observed with 
increasing Ce concentration. Electrical resistance R(T ) measurements performed on reduced 
samples with x 3=0.12 reveal superconducting behavior below T^25 K. We also found that all 
reduced samples display a striking double resistive superconducting transition and that the zero 
resistance state is achieved through two distinct drops in R(T) at upper and lower tranr' 
temperatures T CI and T CJ . The upper transition temperature T CI has a maximum for Ce concentration 
x=0.14, which is independent of the reduction process. The lower transition temperature T CJ is 
observed in reduced samples with Ce content x 3*0,14 and decreases monotonically with increasing 
Ce concentration. Magnetic susceptibility measurements confirm bulk superconductivity in several 
reduced samples, and a significant diamagnetic contribution is only observed for temperatures below 
T CJ . The results are discussed within the framework of a granular superconductor model. 


The discovery of superconductivity in compounds of 
Ln 2 _ x M x Cu0 4 _ )l (Ln= : Nd, Sm, Pr, Eu; M= Ce, Th) 1-5 has 
stimulated an intense effort in the study of their physical 
properties. Many features of these oxides arc well known, 
although some fundamental aspects are either still not under¬ 
stood or controversial. 

One of the doubts about these compounds concerns the 
quality of the samples studied. Usually, high quality samples 
with the same starting composition and subject to almost the 
same reduction process behave differently. 6 Some important 
questions regarding this situation are related to the doping 
process, i.e., the replacement of the Ln by Ce and the re¬ 
moval of oxygen which are necessary to induce supercon¬ 
ductivity. As far as Ce doping is concerned, it is still some¬ 
what controversial whether materials prepared in the range 
0=£;cs£0.17 actually form a solid solution. Based on x-ray 
diffraction analysis, Cava and collaborators 7 concluded that 
samples of Nd 2 _^Ce_ t Cu0 4 ..^ (0.0*£xss0.17) are true solid 
solutions. On the other hand, Lightfoot and collaborators 8 
believe that there is only one superconducting phase in this 
range with a Ce content close to x=0.165. 

Besides this structural issue, other points remain to be 
addressed. One of them is related to the nature of the double 
resistive superconducting transition which is frequently ob¬ 
served in R(T) measurements and is identified by two sharp 
drops in the electrical resistivity before the zero resistance 
state is attained. It has been proposed by Peng et al. 9 that the 
double superconducting transition is due to the presence of 
two distinct superconducting phases, each with a different 
superconducting critical temperature. Another explanation 
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for this feature assumes that the sample is composed of small 
superconducting islands connected through Josephson 
coupling. 10-12 By assuming this picture, the first transition is 
related to the intragrain transition while the second one is 
believed to be due to the coupling between the islands 
through Josephson junctions. The present work provides 
some new information regarding structural, magnetic, and 
transport properties of these electron-doped superconductors. 

Polycrystalline samples of Nd 2 _ x Ce_ t Cu0 4 _ ) , were pre¬ 
pared with a wide range of Ce concentrations 0.0sSx*S0.17 
by means of the sol-gel process. Details of this chemical 
route for producing polycrystalline samples are discussed 
elsewhere. 12 The samples were sintered at 1000 °C, which is 
below the eutectic temperature of =*1050 °C. Reduction was 
carried out under different conditions. This step is important 
in order to induce superconductivity in these materials, and it 
was performed in flowing He gas for 20 h at 950 °C, fol¬ 
lowed by fast cooling. We have prepared three different 
batches of samples: (1) unreduced samples, (2) samples 
cooled in 1 h after the reduction process, and (3) samples 
cooled in 2 h after the reduction process. Unreduced samples 
showed no evidence of superconductivity, while reduced 
samples showed superconductivity for Ce concentrations in 
the range 0.12<x<0.17. All samples were analyzed by x-ray 
powder diffraction using a Rigaku RU-200B diffractometer. 
The x-ray patterns showed that the tetragonal T structure 
(Nd 2 Cu0 4 type structure) is preserved for Ce content up to 
x=0.17 and no vestiges of additional phases have been 
found in any sample studied. The lattice parameters were 
obtained through the refinement of the corrected peaks uti¬ 
lizing a least-squares program. Magnetization measurements 
were performed using a commercial superconducting quan¬ 
tum interference device (SQUID) magnetometer from Quan- 
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TABLE I. Lattice parameters a and c as a function of Ce concentration in 
polycrystalline samples of Nd 2 .^Ce Jt Cu0 4 _ ) , ) 0.0=5*5=0.17. 


X 

a (A) 

c (A) 

0.00 

3.948(1) 

12.17(4) 

0.05 

3.948(9) 

12.15(4) 

0.08 

3.949(4) 

12.12(9) 

0.10 

3.949(7) 

12.11(8) 

0.14 

3.950(4) 

12.09(9) 

0.15 

3.950(6) 

12.08(9) 

0.17 

3.950(9) 

12.07(7) 


turn Design. Electrical resistance measurements were per¬ 
formed with a Linear Research LR-400 ac impedance bridge 
operating at 16 Hz with variable excitation current. 

The x-ray diffraction patterns for polycrystalline samples 
of Nd 2 _ i Ce i Cu0 4 _ ) „ 0.0*Sx^0.17, showed, within our 
resolution, no vestiges of additional phases. The powder dif¬ 
fraction data have been used to extract the lattice parameters 
a and c for different Ce concentrations. These results are 
summarized in Table I. A careful observation of these results 
shows that the lattice parameter c decreases with increasing 
Ce content from c = 12.17(4) A for Nd 2 Cu0 4 to c- 12.07(7) 
A for the highest Ce concentration x=0.17. Also, from the 
results of Table I, one can see that the lattice parameter a is 
almost insensitive to the replacement of Nd by Ce. The de¬ 
pendence of the c lattice parameter on Ce concentration sug¬ 
gests that Ce substitutes for Nd in the T' structure. Such a 
replacement seems to be in complete agreement with the 
formation of a true solid solution and not, for example, with 
phase separation. This is supported by the fact that no drastic 
change in the lattice parameter c is observed, i.e., it de¬ 
creases smoothly with increasing Ce content. This conclu¬ 
sion is in agreement with the proposition made by Cava 
et al., 1 who have observed behavior similar to that shown in 
Table I for both lattice parameters. In addition, a very broad 
distribution of values for the lattice parameter c for jc= 0.15 
has been detected. If one assumes that there is no phase 
separation when Nd is replaced by Ce, as proposed by Light- 
foot, et al., 8 this means that the presence of the nonsupercon¬ 
ducting phases in these compounds needs to be explained by 
invoking another variable of these systems: the removal of 
oxygen. It is possible that the removal of oxygen of about 
0.02 per formula introduces a defect structure in this series, 
generating two different regions within the samples, one of 
which is superconducting and the other of whici is nonsu¬ 
perconducting. Similar structural defects have been observed 
in polycrystalline samples of Lai gSr^Ca, 2 __ t Cu 2 0 6 _ ) ,, 13 
La 2 Ni0 4 _ y , 14 and La 2 Cu0 4±y . 15 

The presence of at least one superconducting phase in 
these polycrystalline samples is somewhat reflected in mac¬ 
roscopic measurements such as electrical resistance and 
magnetic susceptibility. In order to place this in perspective, 
the temperature dependence of the electiical resistance and 
magnetic susceptibility has been measured in all samples de¬ 
scribed above. Typical curves of R(T) and ^(7') are dis¬ 
played in Fig, 1, which shows data for Nd t83 Ce 0 ^CuO,,.^. 
cooled in 2 h after the reduction process. It is evident that the 
R(T) curve displays a double resistive superconducting tran- 
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FIG. 1. Typical curves of R(T) and ^(7) obtained on polycrystallmc 
samples of Nd2_ 4 Ce I Cu0 4 . ) ,. These curves correspond to measurements 
performed on the sample with jl:= 0.17 and cooled in 2 h after the reduction 
process. Arrows denote T c , and T CJ obtained from electrical resistance 
curves. 


sition in which the electrical resistance shows two abrupt 
drops in magnitude when the sample is cooled below 25 K. 
Such a feature has frequently been observed in these 
electron-doped superconductors 10 ' 12 for samples with 
*5*0.14. For the sample shown in Fig. 1, the first drop in 
R(T) occurs at an upper temperature T CI *=Y1 K. At this tem¬ 
perature, a broad decrease of about 30% in the magnitude of 
R(T) is observed down to a lower temperature T CJ *=b K, 
where a second sharper decrease in R(T) occurs. This fea¬ 
ture has been explained by assuming that these samples are 
comprised of two different phases: one which is supercon¬ 
ducting and another one which is believed to be nonsuper¬ 
conducting. When the temperature falls below T cl , the su¬ 
perconducting transition takes place and a drop of about 30% 
in R(T) is frequently observed. Below this temperature, the 
system does not attain the zero resistance state because the 
superconducting volume fraction is below the percolation 
threshold. In the temperature range between T a and T CJ the 
samples arc believed to be comprised of superconducting 
islands embedded in a nonsuperconducting host. At a lower 
temperature T Cj , Josephson coupling takes place and the 
zero resistance state is usually achieved. 10-12 

We believe that the brief discussion given above invali¬ 
dates the presence of two superconducting phases in these 
electron-doped superconductors. If this were the case, the 
transition at T c . should not be very sensitive to changes in 
the excitation current and the application of a small magnetic 
field. However, several experimental results for these com¬ 
pounds reveal that below T CJ , p{T) is strongly dependent on 
these variables, 10-12 These results suggest that Josephson 
coupling develops at T C] and yield no evidence of two super¬ 
conducting phases in this series. 

Figure 1 is also useful for discussing the temperature 
dependence of the magnetic susceptibility in these com¬ 
pounds. Careful inspection of Fig. 1 reveals that significant 
diamagnetism only occurs below T CJ . In fact, it is observed 
that the magnetic susceptibility is still increasing below T cl , 
showing a paramagnetic-like behavior. When the tempera¬ 
ture T cj is reached a transition occurs and the diamagnetic 
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FIG. 2. Compositional dependence of T ci and T cj in a series of polycrys¬ 
talline samples of Nd 2 -jCe I Cu0 4 ^ ) ,, 0.12=£x«0.17. The figure displays 
results obtained in two series cooled in either 1 or 2 h after the reduction 
process. 

contribution becomes appreciable. The absence of appre¬ 
ciable diamagnetism between T c , and T CJ indicates that su¬ 
perconducting properties must be confined to small regions, 
comparable with the London penetration depth. In fact, sev¬ 
eral results on polycrystalline samples of electron-doped su¬ 
perconductors are satisfactorily explained by assuming that 
superconducting properties are confined to small islands with 
typical size of 10-300 A . 16-18 

Also of interest is the dependence of both T CI and T C) on 
Ce content in the Nd 2 _ ;t Ce x Cu0 4 _ > , series, 0.0=£x=£0.17, 
which is shown in Fig. 2. From observations of Fig. 2 one 
can note that the transition temperature T CI shows a maxi¬ 
mum at jc= 0.14 and decreases at higher Ce concentration. It 
is also observed that T CI is almost independent of cooling 
rate for x 2=0.14 and is affected by the reduction process for 
x =0.12. On the other hand, the Josephson coupling tempera¬ 
ture T CJ is almost insensitive to the reduction process in the 
Ce range studied. The qualitative behavior of T CJ obtained 
from electrical resistance measurements is in complete 
agreement with recent data of Singh era/. 19 even though 
they obtained T CJ from ac magnetic susceptibility measure¬ 
ments. This can be explained on the basis of the ac magnetic 
susceptibility data in this series that shows only one diamag¬ 
netic contribution which occurs at the Josephson coupling 
temperature. 16 In fact, our results for T CI reveal remarkable 
differences with those of Ref. 19. They have observed from 
the electrical resistivity measurements that T CI is almost con¬ 
stant for 0.14=£* =£0.17. Our results show that T CI has a 
maximum of =25 K at x-J.14 and decreases significantly 
for higher Ce content to 18 K for x=0.17. These discrepan¬ 
cies must be related to the sample preparation method used 
for making these materials. 

From our results for R(T) and \(T) on polycrystalline 
samples of Nd 2 _^Ce x Cu0 4 _ ) „ 0.0=£x=£0.17, the behavior of 
these materials can be understood by using a model of a 
disordered array of small superconducting islands coupled 
through Josephson junctions. This is particularly evident 
from electrical resistivity measurements which show the 
striking double resistive superconducting transition. When 
the temperature decreases, the intergrain transition takes 
place and a drop in the magnitude of R(T) is observed. This 


drop is not enough to drive the system to 'he zero resistance 
state, probably due to the very low superconducting volume. 
Additional decrease in temperature promotes the coupling of 
these superconducting islands below T C] . At this tempera¬ 
ture, the superconducting regions are believed to be coupled 
by Josephson effect and usually the system shows zero resis¬ 
tance. Due to the small size of these islands, comparable to 
the London penetration depth, an insignificant diamagnetic 
contribution to the susceptibility is observed between T CI and 
T CJ . These superconducting islands become coupled together 
through Josephson junctions below T C] and the di. nagnetic 
contributions is appreciable. 

In summary, we have performed x-ray powder diffrac¬ 
tion, electrical resistance, and magnetic susceptibility mea¬ 
surements on polycrystalline samples of Nd 2 _ J Ce J .Cu0 4 _ y , 
0.0=£.x=£0.17, prepared from a sol-gel precursor. All of our 
x-ray results seem to agree with the proposition of Cava 
et al., 1 since we have found no evidence of phase separation 
in this series. In addition, the macroscopic behavior of R(T) 
and x(T) can be fully explained by the assumption that all 
samples are comprised of small superconducting islands con¬ 
nected through Josephson junctions. 
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The magnetic ordering of the Pr ions in Pb 2 Sr 2 PrCu 3 0 8 has been studied using neutron-diffraction 
and ac-suspectibility measurements. An imperfect three-dimensional magnetic ordering of the Pr 
spins was observed at a temperature well below its Neel temperature of T N ^7 K. The magnetic 
intensities observed at 1= 1.4 K can be explained by assuming long-range order in the ab plane 
with short-range correlations, of correlation length £ c =20 A, along the c axis and a moment 
directed along the c-axis direction. The magnetic ordering is 2D in nature, and the basic magnetic 
structure consists of nearest-neighbor spins that are aligned antiparallel along all three 
crystallographic directions. The magnetic transition is also evident in the ac-susceptibility versus 
temperature measurements, where a cusp that is typical of antiferromagnetic ordering is clearly 
observed, which matches the T N obtained by neutron diffraction. 


Just like other high-7 1 ,. oxides, Pb 2 Sr 2 PrCu 3 0 8 (Pr 
2:2:1:3) also possesses a layered structure. From the crystal¬ 
lographic structural point of view, the major difference be¬ 
tween Pr 2:2:1:3 and PrBa 2 Cu 3 0 7 (Pr 1:2:3) is the number of 
layers stacked along the c-axis direction. The structure of the 
former can be obtained by replacing the CuO-chain layer in 
the latter with two PbO layers and one Cu layer. 1 This re¬ 
placement results in even more anisotropic physical proper¬ 
ties for the 2:2:1:3 systems than for the 1:2:3 systems. The 
rare-earth atoms in the 2:2:1:3 systems form an orthorhom¬ 
bic sublattice, where a^b and the nearest-neighbor distance 
along the c axis is more than four times that in the ab plane. 
It is thus clear that the crystallographic anisotropy naturally 
leads to highly anisotropic magnetic interactions, and two- 
dimensional (2D) behavior can be expected. 

The 3D long-range ordering of the Pr spins has been 
observed in both the Pr 1:2:3 and TlBa 2 PrCu 2 07 (Pr 1:2:1:2) 
systems with anomalously high ordering temperatures. 2,3 Nu¬ 
merous observations have indicated that hybridization plays 
an important role in the Pr magnetism. If this is the case we 
should then expect the effect along the c-axis direction to be 
much reduced in the Pr 2:2:1:3 system compared to the Pr 
1:2:3 and Pr 1:2:1:2 systems, simply because of its wider 
spacing along the c axis. The Pr 2:2:1:3 system is then a 
better candidate for observing the 2D character of the Pr 
ordering. In this paper we report an imperfect 3D ordering of 
the Pr spins observed in Pr 2:2:1:3. The Pr spins ordered at 7 
K, nevertheless even at 1=1.4 K, the correlations between 
the Pr spins along the c-axis direction are still short range. 
The basic magnetic structure consists of Pr spins that are 
aligned antiparallel along all three crystallographic direc¬ 
tions. The antiferromagnetic ordering of the Pr spins is also 
evident in the ac-susceptibility versus temperature measure¬ 
ments, where a cusp, typical of antiferromagnetic ordering, 
in the * ac vs T curve is clearly evident. 

A powder sample of Pb 2 Sr 2 PrCu 3 O g was prepared by the 
standard solid-state reaction technique, and the details can be 
found elsewhere. 4 Both x-ray and high-resolution neutron 


diffraction were used to characterize the sample. The nearest- 
neighbor distances between the Pr atoms that we obtained at 
room temperature were 3.815(1) A and 15.765(4) A in the ab 
plane and along the c-axis direction, respectively. The nomi¬ 
nal oxygen concentration determined from neutron profile 
refinement analysis was 8.01(2). During the course of the 
low-temperature neutron-diffraction experiment, the sample 
was sealed in a cylindrical holder filled with helium ex¬ 
change gas to promote thermal conduction at low tempera¬ 
tures. A pumped 4 He cryostat was used to cool the sample, 
and the lowest temperature achieved was 1.4 K. 

Neutron-diffraction measurements were performed at the 
Research Reactor at the U.S. National Institute of Standards 
and Technology. The data were collected using the BT-9 
triple-axis spectrometer operated in double-axis mode. The 
incoming neutrons had a wavelength of 2.352 A defined by a 
pyrolytic graphite PG(002) monochromator, with a PG filter 
placed after the monochromator position for suppressing 
higher-order wavelength contaminations. The angular colli- 
mations used were 40' in front of the monochromator, and 
48'-48' before and after the sample position, respectively. 
No analyzer crystal was used in these measurements. 

The magnetic signal was isolated from the nuclear one 
by subtracting the data collected at high temperatures from 
the data taken at low temperatures. 5 Figure 1 shows the mag¬ 
netic Bragg peaks thus obtained at 7’= 1.4 K, where the 
diffraction pattern taken at T= 15 K, serving as the nonmag¬ 
netic “background,” has been subtracted from the data. The 
indices shown are based on the Pr chemical unit cell. The 
underlying spin structure of Pr hence consists of the nearest- 
neighbor spins that are aligned antiparallel along all three 
crystallographic directions. This is the same type of spin 
structure found in Pr 1:2:3 2 and Pr 1:2:1:2. 3 

The widths of the observed magnetic peaks are much 
broader than the instrumental resolution, which indicates a 
short-range ordering of the Pr spins. Short-range correlations 
along the c-axis direction and long-range correlations within 
the ab plane can be expected, since the nearest-neighbor dis- 
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FIG. 1. Magnetic intensities observed in Pb 2 Sr 2 PrCu 3 0 8 at T= 1.4 K, where 
the indices shown are based on the Pr chemical unit cell. The Pr spins order 
antiferromagnetically along all three crystallographic directions. The solid 
curve is a lit to the data assuming long-range order in the ab plane and a 
short-range correlation length f c =20 A along the c axis. 


tance along the c axis is more than four times that in the ab 
plane. The solid line shown in Fig. 1 is a fit to the theoretical 
curve, assuming long-range correlations in the ab plane and 
short-range correlations, with a correlation length = 20 A, 
along the c axis and a moment pointed along the c-axis di¬ 
rection. In generating the fitted curve we adopt Warren’s ap¬ 
proach 6 of averaging the scattered intensity for a 2D powder 
sample over all possible orientations in reciprocal space, and 
in addition allow for the presence of finite correlations along 
the third axis. 7 In comparison with the Pr ordering in Pr 1:2:3 
and Pr 1:2:1:2, the Pr-Pr coupling remains antiferromagnetic 
and the 2D character becomes more pronounced in Pr 2:2:1:3 
likely due to the larger spacing between the Pr-Pr atoms 
along the c axis. This crystallographic character results in a 
reduction of the hybridization between the Pr ions that are 
mediated through the copper-oxygen layers between them. 

Figure 2 shows the temperature dependence of the {j||} 
peak intensity, and reveals a typical order parameter with a 
Neel temperature of T N ^1 K. This ordering temperature of 
the Pr spins is a factor of 2 smaller than that found in Pr 
1:2:3:7 (7^=17 K) and is close to that found in Pr 1:2:1:2 
(T n ^ 8 K). The ordering temperature of Pr is still much too 
high for purely dipolar interactions to explain. 

The ac-susceptibility measurements were performed us¬ 
ing a Lake Shore 7221 ac susceptometer. Data were collected 
with an alternating magnetic field of strength 1 Oe and fre¬ 
quency 250 Hz. A portion of the real part of the measured 
XjT) is shown in Fig. 3(a), and the temperature depen¬ 
dence of its derivative tty ac /dT is shown in Fig. 3(b). The 
magnetic transition is clearly seen with a T N ^1 K deter¬ 
mined to be at the relative minimum in the dxJdT vs T 
plot. A cusp in the ^ ac -T curve, which is typical of antiferro¬ 
magnetic ordering, 8 is also evident. These results are consis¬ 
tent with that obtained from neutron-diffraction measure¬ 
ments. We note that negative values for x ac were obtained on 
the high-temperature side shown in Fig. 3(a). This is due to 
the Meissner diamagnetism of the superconducting state 
present in the compound. The interplay between the Pr mag¬ 



F1G. 2. Temperature dependence of the (jjj) peak intensity. The data re¬ 
veal a typical order parameter with an ordering temperature of T N **1 K 
The solid curve is only a guide to the eye 

netism and superconductivity is the subject in a separate 
study. 9 

In conclusion, we have studied the magnetic ordering of 
the Pr spins in Pr 2:2:1:3 by neutron-diffraction and ac- 
susceptibility measurements. At T- 1.4 K, which is well be¬ 
low the observed ordering temperature of T N *=7 K, an im- 
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FIG. 3 A portion of the measured ac susceptibility x lc (T) and its tempera¬ 
ture derivative dxJdT plotted against temperature The trans.Uon tempera¬ 
ture is determined to be at the relative minimum in the dxJdT vs T plot, 
which gives T N **1 K. This T N is consistent with the ordering temperature 
obtained from the data shown in Fig. 2. 
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perfect 3D ordering of the Pr spins was observed, with long- 
range correlations in the ab plane and short-range 
correlations along the c axis. The 2D behavior is believed to 
arise naturally from the crystallographic structure, and results 
in a reduction of the hybridization between the Pr ions in the 
present system. The ordering temperature observed is still 
much too high for purely dipolar and RKKY interactions 
may be anticipated. 

The Tb ions in the isostructural compound Tb 2:2:1:3 
were found 10 to order at T N *=5.5 K. Even at 1= 1.4 K the 
ordering of the Tb spins is still purely 2D without any cor¬ 
relation found along the c axis. It is then clear that, in the 
2:2:1:3 system the coupling between the Pr atoms is much 
stronger than between the Tb atoms along all three crystal¬ 
lographic directions. Moreover, short-range correlations be¬ 
tween the Pr spins have also been observed 11 in the 
PrBa 2 Cu 3 0 62 compound, which suggests that the oxygen 
concentration may also have important influence on the Pr 
hybridization along the c axis. A study of the effects of the 
oxygen concentration on the Pr ordering in the 2:2:1:3 sys¬ 
tem should give further information on the nature of the Pr 
hybridization. 
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Annealing temperature and 0 2 partial pressure dependence 
of T c in HgBa 2 Cu0 4+5 

Q. Xiong, Y. Cao, F. Chen, Y. Y. Xue, and C. W. Chu 

Department of Physics, Texas Center for Superconductivity at the University of Houston, 

Houston, Texas 77204-5932 

Samples of HgBa 2 Cu0 4+<s (Hg-1201) were annealed under various conditions. After carefully 
controlling annealing time, annealing temperature ( T a ), and 0 2 partial pressure (P 0 ), we were able 
to find the reversible annealing conditions for Hg-1201. Under 1 atm 0 2 at 260 °C^r o ^400 °C, the 
obtained T c is nearly the same (~97 K). However, it decreases quickly with T a >3Q0 °C in high 
vacuum (F 0 ~10“ 8 atm), and reaches zero at T a =4 00 °C. On the other hand, T c decreases with the 
decrease of T a in high-pressure 0 2 (~500 atm) and reaches ~20 K at about 240 °C. In the entire 
annealing region, the oxygen surplus varies significantly from 0.03 to 0.4, and a wide range of T c 
variation (0—>97 K->20 K) was obtained with anion doping alone. 


Hg-1201 has a very simple crystal structure 1 and the 
highest T c (—97 K at the optimal doping level) among all the 
single Cu0 2 lf yer high-temperature superconductors (HTSs). 
Its simplicity makes it an ideal system for use in verifying 
theoretical models. For this purpose, doped samples with a 
wide T c range to cover both the insulator-superconductor 
transition on the underdoped side and the superconductor- 
metal transition on the overdoped side are desirable. Many 
groups around the world raced to achieve that by annealing 
the as-synthesized samples in reduced or oxygenated gases. 
However, only limited results have been reported so far, par¬ 
tially due to Hg loss in this compound at elevated tempera¬ 
tures. Wagner et al. 2 reached T c ~50 K through reducing an¬ 
nealing in Ar at 500 °C. Itoh et al? report at high-pressure 
0 2 annealing only produced a moderate change of T c (~85 
K on the overdoped side). The search for a wider T c range 
has been obstructed by the decomposition of the compound 
above 500 °C. By studying the stability and the oxygen bal¬ 
ance conditions, we explored a much wider annealing 
temperature-oxygen pressure region. The reversible anneal¬ 
ing conditions were established. We obtained underdoped 
samples with T c as low as zero (insulator) and heavily over¬ 
doped samples with 7’ r ~20 K. In other words, the obtained 
samples cover nearly the whole insulator-superconductor- 
normal metal phase region. This enables us to further study 
the superconductivity of this compound in detail. 

Hg-1201 samples were prepared by reacting a precursor 
pellet of BaX'uOj and a composite Hg source. The precursor 
pellet is obtained by mixing appropriate amounts of BaO and 
CuO in an alumina crucible in a flowing mixed gas of Ar:0 
at a ratio of 4:1 at 930 °C for a total of 24 h with intermittent 
grinding once every 8 h. The composite Hg source used in 
this study was a prereacted Hg 1:2:0:1 pellet made by com¬ 
pacting the thoroughly mixed HgO and pulverized precursor 
powder. A small precursor pellet and a large composite Hg 
source are sealed inside an evacuated quartz tube, heated to 
about 810 °C and kept at this temperature for 8 h before 
being cooled to room temperature. Samples with different 
oxygen content were obtained by heating the as-synthesized 
samples at different temperatures and oxygen partial pres¬ 
sures for appropriate periods of time. Underdoped samples 
were prepared by heating the sample in vacuum at tempera¬ 


tures between 250 and 500 °C for 20-80 h. Overdoped 
samples were obtained by heating the as-synthesized com¬ 
pound for 10-240 h at temperatures between 240 and 400 °C 
and at an oxygen pressure that was between 1 and 500 bar. 
The structure was characterized by x-ray powder diffraction 
(XRD) and neutron powder diffraction (NPD). T c were de¬ 
termined by both the dc magnetic susceptibility method us¬ 
ing a Quantum Design superconducting quantum interfer¬ 
ence device (SQUID) magnetometer and the electrical 
resistivity method using the standard four-probe technique. 

We knew beforehand that there arc two things which 
may effect the T c of Hg-1201, oxygen content and mercury 
loss. We tried to find annealing conditions which allowed 
any changes in sample structure and T c to remain reversible. 
We found that long annealing times and high temperatures 
lead to mercury loss and sample decomposition. Figure 1(a) 



20 

FIG 1 (a) The indexed x-ray powder diffraction pattern of a typical as- 
synthesized Hg-1201 sample (b) The XPD pattern of a Hg-1201 sample 
after 20 h of 500 °C Ar annealing (c) The XPD p. ttern of a Hg-1201 sample 
after four days of 500 °C Ar annealing. 
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FIG. 2. (a) The XPD pattern of a Hg-1201 sample before annealing (b) The 
XPD pattern of a Hg-1201 sample after three days of vacuum annealing at 
400 °C. 


is the data taken from a sample immediately after it was 
synthesized. It is almost single phase. Figure 1(b) is data 
taken from a sample after annealing in Ar at 500 °C for 20 h. 
A small amount of impurities show up. Figure 1(c) is data 
taken from a sample after annealing in Ar at 500 °C for about 
four days. Many impurities now appear. After carefully con¬ 
trolling annealing time and temperature, we were able to find 
the reversible annealing conditions for Hg-1201. Some typi¬ 
cal x-ray data are shown in Fig. 2. Figure 2(a) was taken 
before annealing and Fig. 2(b) was taken after three days of 
annealing in vacuum at 400 9 C. These data indicate that the 
sample still had a single Hg-1201 phase after the anneal. The 
slight shift in the peaks was caused by the change in lattice 
parameters that arose from the change in oxygen content of 
the sample. It is clear that the change in structure is revers¬ 
ible under these conditions. 

Figure 3 shows resistivity data for one of our samples. 
Line 1 is data taken from the sample immediately after it was 
synthesized. Line 2 is data taken after a 240 °C, high- 
pressure (F=500 bar) anneal. After this, we annealed the 
sample again in one atmosphere of oxygen at 300 °C. Resis¬ 
tivity data taken after this second annealing are plotted here 
as line 3. These data show that the change in T c was revers¬ 
ible and the T c drop was caused by oxygen doping alone. 
The small transition broadening and change in resistivity 
were probably due to mercury loss between boundaries. The 
Meissner effect of this sample, which is shown in the inset of 
Fig. 3, is also consistent with this point. 

The reversible annealing conditions are summarized in 
Fig. 4. The annealing time t, which should be long enough to 
let oxygen reach an equilibrium state but avoid significant 
Hg loss, is about 10-240 h, depending on the annealing en¬ 



FIG. 3. Typical resistivity data taken from our Hg-1201 samples. Line 1 was 
taken immediately after the sample was synthesized Line 2 shows data 
taken after a 240 °C, high-pressure (P = 500 bar) anneal Line 3 was taken 
after an anneal in 1 atm of oxygen at 300 °C. 


vironment. The T c corresponding to the desired T a - log P 0 
conditions are obtained by interpolation. From the thermody¬ 
namic viewpoint an increase in annealing temperature should 
result in a decrease in oxygen content if the oxygen partial 
pressure is held constant. An increase in oxygen content 
should result from an increase in oxygen partial pressure if 
the annealing temperature is kept constant. When the sample 
is annealed in vacuum (10“ 8 atm) T c decreases when the 
oxygen content decreases. This indicates that the sample is in 
its underdoped region. T c increases with increasing anneal¬ 
ing temperature when the sample is annealed in high- 
pressure oxygen (5X10 +2 atm). This means that the sample 
is in the overdoped region. T c is nearly the same over the 
range 250-400 °C in 1 atm of pure 0 2 . We were able to 
obtain T c ’s ranging from 0 in the underdoped region to 97 K 
(optimal), then back down to 20 K in the overdoped region. 
According to an earlier study, 4 when the oxygen partial pres¬ 
sure is changed from 1 to 10" 5 atm the oxygen content 
changes by about 0.4 for Y123. This means that the oxygen 
content is sensitive to the oxygen partial pressure in 



FIG. 4 3-D T c vs ( T a , log P 0 ) for Hg-1201. 
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YBa 2 Cu 3 0 7 _^ (Y123). Comparing the annealing conditions 
with our thermogravimetric analysis and NPD results, 5 we 
found that when P 0 changes from 5X10 +2 to 10 -8 atm, S 
changes by about 0.4. This shows that the S range is 0<<S 
<0.4, which is similar to that in Y123 but depends only 
weakly on P 0 , which contrasts with Y123. The carrier con¬ 
centration p has been determined, based on the room- 
temperature thermoelectric power and roughly follows 
p~0.72S; details will be published elsewhere. 5 

In summary, we have explored the reversible annealing 
conditions for Hg-1201 and obtained a T c that covers the 
widest variation ever by anion doping only. Though the S 
range in Hg-1201 is similar to that in Y123 we found that the 
sensitivity of S to changes in oxygen partial pressure is much 
smaller than in Y123. 


This work is supported by NSF Grant No. DMR-91- 
22043, NASA Grant No. NAGW-977, Texas Center for Su¬ 
perconductivity at the University of Houston, and the T.L.L. 
Temple Foundation. 
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Penetration of electromagnetic fields into superconductors with gradual 
resistive transition 

I. D. Mayergoyz 

Electrical Engineering Department and Institute for Advanced Computer Studies, University of Maryland, 

College Park, Maryland 20742 

The penetration of electromagnetic fields into superconductors is studied for the case of gradual 
resistive transition described by the “power law.” Simple self-similar solutions are first found, 
which are then used to further generalize the Bean (critical state) model of superconducting 
hysteresis. 


It is well known that models for superconducting hyster¬ 
esis are based on the analytical study of penetration of elec¬ 
tromagnetic fie! iO hard superconductors. In the critical 
state model, 12 this study is performed under the assumption 
of ideal (sharp) resistive transition. However, actual resistive 
transitions are gradual and it is customary to describe them 
by the following power law: 

£ = («> 1 ), ( 1 ) 

where E ic electric field, J is current density, and k is some 
parameter which coordinates the dimensions of both sides in 
expression (1). 

The exponent is a measure of the sharpness of the 
resistive transition and it may vary in the range 4-1000. 
Initially, the power law was regarded only as a reasonable 
empirical description of the resistive transition. Recently, 
there has been a considerable research effort to justify this 
law theoretically. As a result, models based on Josephson- 
junction coupling, 3 sausaging, 4 and spatial distribution of 
critical current 5 have been proposed. In the paper, the power 
law is used as a constitutive equation for hard superconduct¬ 
ors. It is easy to show (by using Maxwell’s equations) that 
this constitutive relation leads to the following nonlinear par¬ 
tial differential equation for the current density: 



dJ 

Tt' 


( 2 ) 


We shall first consider the solution of this equation for the 
following boundary and initial conditions: 


J(0,t)=ct p , 

(/2*0,p>0), 

(3) 

J(z, 0) = 0 

(z>0). 

(4) 


It is worthwhile to note here that the choice of the above 
boundary conditions is dictated by considerations of finding 
simple analytical solutions. It may seem at first that these 
boundary conditions are of very specific nature. However, it 
can be remarked that these boundary conditions do describe 
a wide class of monotonically increasing functions as p var¬ 
ies from 0 to <» (see Fig. 1). It will be shown below that for 
all these boundary conditions the profile of electric current 
density as a function of z remains practically the same. This 
observation will suggest to use the same profile of electric 


current density for arbitrary monotonically increasing bound¬ 
ary conditions. This will result in very simple analytical so¬ 
lutions. 

The initial-boundary value problem (2)-(4) can be re¬ 
duced to the boundary value problem for an ordinary differ¬ 
ential equation. This reduction is based on the dimensionality 
analysis of Eqs. (2) and (3). This analysis leads to the con¬ 
clusion that the following variable is dimensionless: 


£= ■ ~ Z :■ -= , (5) 

t m \lk~ n /iQ 1 c n ~ l 

where 


m = 


p(n- 1)+1 
2 


( 6 ) 


By using this dimensionless variable, we look for the self¬ 
similar solution of initial boundary value problem (2)-(4) in 
the form 


j(z,t)=ct> m 


(7) 


where /(£) is a dimensionless function of £. By substituting 
Eq. (7) into Eq. (2), after simple transformations we end up 
with the following ordinary differential equation: 


d 2 f n 

W 


df 

+m C Ji~pf =0 


( 8 ) 


It is apparent that J(z,f) given by expression (7) will satisfy 
boundary and initial conditions (3) and (4) if / satisfies the 
boundary conditions: 

f(0)—l, (9) 

/(»)= 0 . ( 10 ) 
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Thus, the initial-boundary value problem (2)—(4) is reduced 
to the boundary value problem (8)-(10) for the ordinary dif¬ 
ferential Eq. (8). It can be proven that this nonlinear differ¬ 
ential equation has the following group property: if f(£) is a 
solution to Eq. (8), then 

( 11 ) 

is also a solution to this equation for any constant X. This 
property can be utilized as follows. Suppose that we have 
solution /(£) to Eq. (8) which satisfies the boundary condi¬ 
tion (10), however 

/(0)=fl¥= 1. (12) 

Then, by using \=a n ~ 112 , we find that 



FIG. 2. Distributions of electric current density and magnetic field inside the 
superconducting half-space. 


f(0=-f(a {n - l),2 0 (13) 

is the solution to Eq. (8) which satisfies Eq. (10) as well as 
Eq. (9). Thus, we can first find a solution to Eq. (8) subject to 
boundary condition (10), then, by using transformation (11), 
we can map this solution into the solution which also satis¬ 
fies the boundary condition (9). 

It can be shown 6 that a solution to Eq. (8) satisfying the 
boundary condition (10) has the form 

• M l_ f )l / («-l)[l + fci (l_ f ) + M l-^)2 + ...] ) 

/(£) = if 0*f*U, 

0, if £>1. 

(14) 

By substituting Eq. (14) into Eq. (8), after simple but lengthy 
transformations, we find 

\m(n- 1)1 1/<M-1 1 


p(n- 1 )-m 
2mn(n- 1) ’ 


1 2n(n-\)’ ™ 

^ * 6(n -1 )(2» - 1 )n + 8(/i -1)« ' (22) 

From the above inequalities, for «==4 we find 

|ft,|«0.042, |b 2 |=s0.006. (23) 

This suggests the following simplification of solution (20): 

(1 ->/«(»“ l)/«£) 1/( "" n , 

/(/) = if O 1 ^ C< \Jnim(n — l), (24) 

0, if £> \ln/m(n- 1). 

By substituting Eq. (24) into Eq. (7) and taking into account 
Eq. (5), we end up with the following analytical expression 
for the current density: 


if z^dt m , 


j(z,t)= fT dt m ) 

.0, if z>dt m , 



f(0) = b(l+b i + b 2 +—)*l. (18) 

This difficulty is overcome by using transformation (11) with 

X = [b(l + b, + b 2 H—)j(«-D/2 (i 9 ) 

This leads to the following solution of the boundary value 
problem (8)—(10): 

n t+Mi-XQ+Mi-XQ 1 -!-- 

v ^ \+b x + b 2 + 

if 0=£\f<l, (20) 

0, if \£>1. 

The last expression can be simplified by exploiting the fact 
that the exponent « in the power law is usually greater than 
4. This simplification can be accomplished by using the fol¬ 
lowing inequalities for b x and b 2 which can be easily derived 
from Eqs. (6), (16) and (17): 



d=f(nc n 'j/[/i 0 k n m(n- 1)]. (26) 

The close examination of self-similar solution (25) leads to 
the following conclusion: in spite of the wide range of varia¬ 
tion of boundary conditions (3) (see Fig. 1), the profile of 
electric current density J(z,t) remains approximately the 
same. For typical values of n (usually n^l), this profile is 
very close to a rectangular one. This suggests that the actual 
profile of electric current density will be close to a rectangu¬ 
lar one for any monotonically increasing boundary condition 
J o (t)=J(0,t). Thus, we arrive at the following generaliza¬ 
tion of the critical state model. 

Current density J(z,t) has a rectangular profile with the 
height equal to the instantaneous value J 0 (t) of electric cur¬ 
rent density on the boundary of superconductor (see Fig. 2). 
Magnetic field H(z,t) has a linear profile with a slope deter¬ 
mined by instantaneous value ofJ 0 (t). 

To better appreciate the above generalization, we remind 
that in the critical state model the current has a rectangular 
profile of constant (in time) height, while the magnetic field 
has a linear profile with constant (in time) slope. 

For the zero front of the profile we have 
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(27) 


Zo(0 = 


Jo(t )' 


However, H 0 (t) and J 0 (0 are not simultaneously known. 
For this reason, we intend to findJ 0 (f) in terms of H 0 (t). To 
this end, we multiply Eq. (2) by z and integrate from 0 to 
z 0 (t) with respect to z and from 0 to t with respect to t. After 
simple transformations, we arrive at the following expres- 


/•*<>(') ft 

fi 0 k n zJ(z,t)dz= J 0 (T)dr. 
Jo Jo 


By using in Eq. (28) the rectangular profile approximation 
for J(z,t), we obtain 


-7 0 (OzoM = f J n o( T )dr. 

Jo 


By substituting Eq. (27) into Eq. (29), we find 
fi 0 k n d [ffg(0] 

< 30 > 

By introducing a new variable 
H\ (t) 

(3 » 

we can represent Eq. (30) as the following differential equa¬ 
tion with respect to y (r): 


dy" +1 

dt 


2(n+l) 


H 2 0 n (t). 


By integrating Eq. (32) and by using Eq. (31), we arrive at 
the following expression for J Q (t): 


Jo(t)= 


{[(2(« + l)/ / x 0 r)]/'//^(r)rir} 1/ < n+1 )- 


By substituting Eq. (33) into Eq. (27), we find the following 
expression for zero front z 0 (t) in terms of the magnetic field, 
H 0 (t), on th. boundary of superconductor: 


z 0 (0=H 0 (t) 


' 2 (” + 1 ) f'n 2n 


t" Jo 


m n (r)dT 


This concludes our discussion of penetration of electromag¬ 
netic fields into superconductors with gradual resistive tran¬ 
sition. 

The reported research has been supported by the U.S. 
Department of Energy, Engineering Research Program. 
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Study of the frequency and low-field dependence of ac susceptibility 
in YBaCuO 

M. Zazo, L. Torres, J. Iniguez, C. de Francisco , a) and J. M. Munoz a) 

Departamento de Fisica Aplicada, Universidad de Salamanca, E-37071 Salamanca, Spain 

The frequency dependence of the ac susceptibility in polycrystalline samples of YBaCuO has been 
studied at the ac field range 0.06-1.2 Oe. The curve of the real part of the susceptibility x exhibits 
two drops, the first one close to T ( and the other well below T c which could correspond to screening 
behavior of the grains and grain boundaries, respectively. The imaginary part of the susceptibility 
shows only a peak below T c which is related to hysteresis losses at the grain boundaries. The peak 
corresponding to intragrains hysteresis losses is very small and appears masked by the losses of the 
intergrains. In the range of 1-20 kHz, the onset temperature of showed no frequency dependence. 
However, the width of the transition decreases lightly and there is a small shift in the peak of x" to 
higher temperature as the frequency increases. This behavior could be explained in terms of the 
thermally activated Anderson flux creep. The shift depends on the amplitude of the measuring field. 

The activation energy for flux creep ranges from 6.4 eV at 0.02 Oe to 3.23 eV at 1.2 Oe in the 
zero-field-cooled measurements and from 3.41 eV at 0.02 Oe to 1.41 eV at 1.2 Oe in the field-cooled 
measurements. 


I. INTRODUCTION 

The ac-susceptibility method is one of the conventional 
methods used to study the properties of high-7 f supercon¬ 
ductors (HTCSs). 1 " 5 In this paper, we present measurements 
of the zero-field-cooled and field-cooled ac susceptibility of 
HTCS samples as a function of the temperature, frequency, 
and ac magnetic field amplitude. The real part of the suscep¬ 
tibility x shows two drops and the imaginary exhibits only a 
peak. This peak is attributed to hysteresis losses at the inter¬ 
grains. The peak corresponding to the intragrain is masked 
by the intergrain losses or is negligibly small in the f*e- 
quency and field measuring range. The susceptibility shovs 
strong dependence v : .th ac magnetic field as well as with the 
measuring frequency. There is a small shift in the peak to¬ 
wards higher temperatures with increasing frequency in the 
1-20 kHz range. However, the peak shifts to lower tempera¬ 
tures when the ac magnetic field increases from 0.02 to 1.2 
Oe. These properties seem r elated to the dynamics of mag¬ 
netic field flux motion in HTCS materials which is not yet 
completely understood. 

The variation of the susceptibility with the frequency 
could be explained in terms of the flux creep at the grain 
boundaries. We have studied the behavior with the frequency 
following the Anderson theory 6 for conventional lype-il su¬ 
perconductors, in whit' a flux vortex can jump the pinning 
barrier (flux creep) by means of the thermally activated phe¬ 
nomena. This effect is thought to be small in conventional 
type 1 superconductors with lower critical temperature, but 
at .ne considerably higher temperatures of HTCS it can be 
important. We calculate the flux creep activation energies at 
the grain boundaries in polycrystalline YBaCuO by the 
Andeison’s model. As a reference point for specifying the 
teiP~>erature shifts with the frequency and the field we have 
used the temperature of the ; euk in V'. 


*'Dpto. de Electncidad, Umv. de Valladolid, E-47071 Valladolid, Spain. 


II. EXPERIMENTAL DETAILS 

Polycrystalline samples of YBaiCujO* were prepared by 
the usual solid-state sintering method using CuO, BaC0 3 , 
and Y 2 Oj as precursor materials. The ac susceptibility was 
measured by the mutual inductance method with the applied 
ac magnetic field parallel to the long axis of the specimen by 
means of a controlled current of variable frequency in the 
coil (5). Secondary voltage of a mutual induction is related to 
the susceptibility x of the sample under test. Both the real x 
and imaginary part / components of the complex suscepti¬ 
bility can be determined from the coil signal by phase sen¬ 
sitive techniques, such as a lock-in amplifier detector. How¬ 
ever, we have measured directly the complex mutual 
inductance by a LCZ bridge: 


— |Z| ( t r\ \Z\ ( ir\ 
A/=-sen[( P + I )+y~cos(<p + -), 

(1) 

where |Z| is the module of the impedance and <p is the phase 
angle measured by the bridge, and « is the angular fre¬ 
quency. We can derive the two components of the ac perme¬ 
ability as 

, \A 

M = __ sen «p, 

(2) 

, 1*1 

M=-^ c ° s tp. 

(3) 


where K is a calibration coefficient for the coil geometry. 
The ac permeability components are related to the suscepti¬ 
bility terms as p' = \+x' and 

Zero-field-cooled measurements were made by cooling 
the sample at 77 K without any field while in the field-cooled 
measurement the sample was cooled under dc magnetic field 
(220 Oe) parallel to the long axis of the specimen and then 
the field was switched off. In both cases the measurements 
were taken while warming up the sample from 77 K to tem¬ 
perature over T c in an ac field ranging from 0.02 to 1,6 Oe 
for frequencies from 1 to 20 kHz. 
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FIG. 1. x vs temperature at different frequencies (h 1C =0.06 Oe). 


III. RESULTS AND DISCUSSION 

The susceptibility of the samples shows a typical depen¬ 
dence on temperature in which we can see two drops in the 
curve of the real part of the ero-field-cooled susceptibility 
A'zfc (Fig- !)• In its turn, the curve of the imaginary part 
exhibits a peak corresponding to the drop in the lower- 
temperature region of Xzk » while the peak close to T c asso¬ 
ciated with the intragrain losses is masked by the intergrain 
peak or it is very small (Fig. 1). The field-cooled suscepti¬ 
bility * (c presents similar results but the width of the diamag¬ 
netic transition in x‘ increases, the peak broadens and the 
maximum of the x'' shifts to lower temperatures. 

Frequency dependence has been studied in the range 
i—20 kHz at different ac magnetic fields parallel to the long 
axis of the specimen. The onset temperature of x was not 
modified by rising the frequency, however, the width of tran¬ 
sition in x decreased lightly and there was a shift in the peak 
of x" to higher temperatures (Fig. 1). This seems a clear 
indicate mat the amount of magnetic flux penetrating the 
superconductor decreases with increasing frequency. 

We have also studied the dependence with the ac mag¬ 
netic field of the susceptibility of the samples in the range 
0.02-1.2 Oe. The critical onset temperature of the diamag¬ 
netic transition does not change when increasing the mag¬ 
netic field. However, the saturation of diamagnetic transition 



FIG. 2. T p vs frequency at different ac magnetic fields. 




FIG 3. f p 1 vs frequency at different ac magnetic fields 
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and the peak shift towards lower temperatures when the 
magnetic field increases, and furthermore the peak gets 
wider. 

As was stated above, we have used the temperature of 
the peak (T p ) of x" for specifying the shifts with the fre¬ 
quency and ac magnetic field. Figure 2 shows the frequency 
dependence of T p at different fields. T p increases with the 
frequency and decreases with the magnetic field. This behav¬ 
ior could be explained by the thermally activated flux creep 
phenomenon proposed by Anderson for conventional type-II 
superconductors. 6 It is to be remarked that flux creep is 
thought to be a small effect in conventional type-II supercon¬ 
ductor while in HTCS the thermally activated creep could 
have a significant effect. 

According to the Anderson theory the jump over the pin¬ 
ning barriers is given by the usual Arrhenius expression 

v=v 0 exp (-U/k B T), (4) 

where v 0 is a characteristic frequency and U is an effective 
thermal activation energy, which includes a barrier height 
and a field-dependent force. Anderson and Kim 7 used the 
linear relation 

U=U 0 -\F\Va, (5) 

where t/ 0 was presumed to be the effective height of the 
energy barrier for thermally activated motion, |F| is the Lor- 
entz force (JXB), V is the activation volume, and a is the 
effective geometrical width of the energy barrier. 

In Fig. 3 we plot 1 /T p vs In v for a field of 0.02 and 1.2 
Oe, respectively. We have fitted these curves according to 
expression (4) to calculate the activation energy as a function 
of the magnetic field. The energies vary from 6.4 eV at 0.02 
Oe to 3.23 eV at 1.2 Oe in the zero-field-cooled measure¬ 
ments. These values are comparable to those observed by 


Nikolo and Godfard 8 and by Dhingra and Das 9 with other 
measuring conditions. As the field increases, the Lorentz 
force (JXB) increases, the thermal activation energy de¬ 
creases and more flux vortices get depinned during the field 
cycle which is according to the Anderson-Kim model. 

In a similar way we have measured the activation energy 
corresponding to ^ fc . In this case, the activation energy var¬ 
ies from about 3.41 eV at 0.02 Oe to 1.41 eV at 1.2 Oe. The 
activation energies are lower than in the zero-field-cooled 
measurements due to the effect of two contributions: the ac 
magnetic field and the dc magnetic flux trapped when the 
sample was cooled. 

IV. CONCLUSIONS 

The width of the diamagnetic transition decreases and 
the peak related with the intergrain losses shifts lightly to 
higher temperatures with increasing frequency. This could be 
demonstrative that the magnetic flux in the grain boundaries 
decreases with the increasing frequency. The shift of the 
peak in ){' has been studied by means of the Anderson’s 
theory of the flux creep. The activation energies take values 
in the range of 6.4-3.23 eV for applied field 0.02-1.2 Oe. 
These values of the activation energies decrease when the 
sample is cooled under a dc magnetic field. 

'H. Kupfer el al., in High-T c Superconductors , edited by H. W. Weber 
(Plenum, New York, 1988), p. 293. 

2 D.-X. Chen el al ., J. Appl. Phys. 63, 980 (1988). 
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Effects of Ga doping on the magnetic order >g of Pr in PrBa 2 Cu 3 0 7 
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J. W. Lynn 
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H. L. Tsay and H. D. Yang 
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Neutron-diffraction and ac-susceptibility measurements have been performed to study the effects of 
Ga doping on the magnetic ordering of the Pr in PrBa 2 (Cu,_ x Ga x ) 3 0 7 . The Ga atoms preferentially 
replace the Cu atoms in the CuO-chain layers, and this substitution is found to decrease the 
antiferromagnetic ordering temperature as the Ga concentration is increased. In addition, the spin 
arrangement along the c axis is found to change from nearest neighbors being antiparallel for x =0 
to nearest neighbors being parallel for x=0.08 (24% Cu chain substitution); for an intermediate x of 
0.04 a mixture of the two spin structures is observed. The susceptibility results exhibit Curie-Weiss 
behavior above T N , and departures from this behavior in the ordered state. 


Among high-T c oxides, PrBa 2 Cu 3 0 7 has attracted con¬ 
siderable attention because of its unexpected electric and 
magnetic properties. The introduction of Pr in YBa 2 Cu 3 0 7 
suppresses superconductivity , 1 ’ 2 the Pr ions have a Neel tem¬ 
perature a ' as 17 K, and an ordered moment as small as 
0.74 /l^ ' s clear that interactions other than dipolar 

are responsible *or the Pr magnetism. If superexchange is the 
dominant key, then those atoms located between the Pr atoms 
may also play important roles in Pr magnetism. An under¬ 
standing of the coupling between the Pr atoms and the inter¬ 
mediate atoms located between them is then essential to a 
full understanding of the interactions involved. 

There are three different types of layers of atoms that are 
located between the Pr atoms in PrBa 2 Cu 3 0 7 : the CuO-chain 
layer, the Cu0 2 -plane layer, and the BaO layer. Metallic dop¬ 
ing with Zn atoms, which substitutes for the Cu atoms lo¬ 
cated in the Cu0 2 -plane layers, causes the spin arrangement 
of Pr along the c axis to realign from antiparallel to parallel, 
without affecting its ordering temperature significantly . 4 On 
the other hand, a full replacement of the CuO-chain layers by 
TIO layers, i.e., PrBa 2 (TlCu 2 )0 7 , does not alter the spin 
structure of Pr but reduces its ordering temperature by a fac¬ 
tor of 2. 5 

In this paper we report neutron-diffraction and ac- 
susceptibility measurements made on the 
PrBa 2 (Cu,^ i: Ga t ) 3 0 7 „ > . compounds to examine the effects 
of Ga doping on the ordering of the Pr spins. The Ga atoms 
replace the Cu atoms located in the CuO-chain layers. Two 
systems with x -0.04 and 0.08 (12% and 24% replacement, 
respectively) were studied, and we found that both the spin 
structure and the ordering temperature of Pr ions are sensi¬ 
tive to the presence of Ga atoms. The ordering temperature 
decreases with increasing Ga doping, and the nearest- 
neighbor spins along the c axis have the tendency to realign 
from antiparallel to parallel. 

Powder samples of PrBa 2 (Cui . J( Ga A ) 3 0 7 „ 1 were pre¬ 
pared by the standard solid-state reaction technique, the de¬ 
tails of the sample preparation technique., can be found 
elsewhere/’ Both x-ray and high-resolution neutron diffrac¬ 
tions were used to characterize the samples. The nominal 


oxygen concentration, determined from neutron profile re¬ 
finement analysis , 7 is 6.98(4) and 6.96(4) for the x =0.04 and 
0.08 compounds, respectively. Neutron-diffraction measure¬ 
ments were performed using the BT-9 triple-axis spectrom¬ 
eter at the Research Reactor at the U. S. National Institute of 
Standards and Technology. A pyrolytic graphite PG(002) 
monochromator was employed, with a PG filter placed after 
the monochromator position to suppress the higner-order 
wavelength contaminations. The energy of the incident neu¬ 
trons was 14.8 mcV (2.352 A), and the angular collimations 
before and after the monochromator and after the sample 
were 40', 48', and 48' full width at half maximum (FWHM), 
respectively. No analyzer crystal was used in these measure¬ 
ments. For the low-temperature experiments, the sample was 
mounted in a cylindrical aluminum can filled with helium 
exchange gas to facilitate thermal conduction. A pumped 4 He 
cryostat was used to cool the samples, and the lowest tem¬ 
perature obtained was 1.36 K. 

A standard subtraction technique 11 was used to isolate the 
magnetic signal from the nuclear one. whei the diffraction 
pattern taken at a temperature well above the ordering tem¬ 
perature was subtracted from the one taken at low tempera¬ 
ture. Figures 1(a) and 1(b) show the magnetic Bragg peaks 
observed at low temperatures for the 0.04 and 0.08 com¬ 
pounds, respectively. The indices shown are based on the 
chemical unit cell. Both the {{{0} type and the {{H} type of 
reflections are needed in explaining the data shown in Fig 
1 (a). If only one reflection is assumed for the peak that oc¬ 
curs at around 26=25°, it turns out that not only the width of 
this peak is much tot broad in comparison with the instru¬ 
mental resolution but the peak position also would fit neither 
to the { 55 O} reflection nor to the {H}} reflection. In addition, 
the presence of the {Hi} and {H}} reflections suggests the 
existence of the {}} 0 } and {H}} reflections, respectively. The 
expected separation of the peak positions between the { 35 O} 
and the {HI} reflections is 0.7°, which is beyond our resolu¬ 
tion limit. A calculation assuming the presence of both the 
{L 5 O} type and the {H}} type of reflections gives excellent 
agreement for the peak positions and width, consistent with 
the instrumental resolution. The results of this calculation are 
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FIG. 1. Magnetic intensities in PrBajiCiijGa^bO, with (a) x=0.04 at 
r=4.5 K and (b) jc= 0.08 at r=1.36 K. Both the { 55 O} type and the { 335 } 
type of reflections were observed in the jr=0.04 compound, while only 
the { 33 O} type appeared in the or=0.08 compound. 


FIG. 2. Temperature dependence of the magnetic peak intensity The Neel 
temperatures are determined to be 14 and 10 K for the x=0 04 and 0.08 
compounds, respectively. These data clearly show that the Ga doping effec¬ 
tively reduces the ordering temperature of the Pr spins. 


shown as the solid lines in Fig. 1(a). No { 333 } type of reflec¬ 
tions were observed in the data shown in Fig. 1(b), and the 
solid lines are fits based on the presence of only the {|j 0 } 
type of reflections. 

The corresponding magnetic structure for the { 555 } wave 
vector is that the spins are aligned antiparallel along all three 
crystallographic directions, and that for the { 33 O} wave vector 
is that nearest-neighbor spins along the c axis aligned paral¬ 
lel rather than antiparallel. Only the { 353 } type of reflections 
was observed in the undoped system . 3,9 The observations 
shown in Fig. 1 then indicate that introducing Ga atoms into 
PrBa 2 Cu 3 07 causes the Pr spins along the c axis to change 
from antiparallel to parallel. A 12 at. % replacement of the 
Cu atoms located in the CuO-chain layers by Ga atoms par¬ 
tially reverses the Pr spins arrangement along the c axis, and 
a 24 at. % replacement complete this reverse. 

The temperature dependence of the {I 53 } peak intensity 
of the x =0.04 compound is shown in Fig. 2(a), while that of 
the { 33 O} reflection of the x =0.08 compound is shown in Fig. 
2(b). Both plots reveal a typical order parameter, that mea¬ 
sures the square of the magnetization, for powder samples. 
The ordering temperatures determined from the data shown 
in Fig. 2 give T N **\4 and 10 K for the x=0.04 and 0.08 
compounds, respectively. We note that the T N for the un¬ 
doped system is 17 K. It is then clear that the ordering tem¬ 
perature of Pr is quite sensitive to the presence of Ga atoms. 

The ordered moment can be obtained from a comparison 
of the magnetic intensities to the nuclear ones, while the spin 
direction was determined from the ielattve intensities of the 
magnetic reflections . 5 The saturated moment that we ob¬ 
tained for the x=0.08 compound using the data collected at 
7’=1.36 K is </i 4 .)=0.76±0.07/z B with the moment directed 


along the c axis. This value of the ordered moment and the 
spin direction are the same as that found in the undoped 
system. Thus the Ga atoms do not alter the spin direction or 
the size of the ordered moment. Based on these results, the 
percentage in which the spin arrangement along the c axis 
has been reversed can be estimated by comparing the ob¬ 
served intensities between the { 33 O} type and the {fU} type of 
reflections. A calculation using the { 33 O} and {IU} intensities 
observed in the x =0.04 compound indicates that 80% of the 
sample has its Pr spins aligned parallel along the c axis. A 
calculation using the { 33 I} and {^ 1 } reflections gives the 
same value. 

The ac susceptibility was measured using the Lake Shore 
7221 ac susceptometer. Portions of the real part of the mea¬ 
sured ac susceptibility for both compounds are shown in Fig. 
3. These data were taken with an alternating magnetic field 
of strength 3 Oe and frequency 300 Hz; data collected with a 
frequency as high as 10 4 Hz generated the same results. 
Above the Neel temperature of Pr, the data follow a Curie- 
Weiss law very well all the way up to the highest tempera¬ 
ture studied of T —320 K. However, a small temperature- 
independent term is also needed in describing the data. 
The solid lines shown in Fig. 3 are obtained by fitting the 
data to x o +C/(7’+0) for 30 K<T<320 K. The effects of 
the Pr ordering on the ac susceptibility are clearly seen. At 
low temperatures the data deviate from the fitted Curie- 
Weiss curves, and the temperatures at which these deviations 
begin agree very well with the of Pr observed using neu¬ 
tron diffracticn. However, no cusp on the \^-T curve, typical 
of antiferromagnetic ordering, is observed. 

The effective moment /x dt that we obtained using the 
fitted values for the Curie-Weiss constants C are 3.39 and 
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FIG. 3 Portions of the measured ac susceptibility as a function of tempera¬ 
ture. The solid lines shown are fitted Curie-Wciss curves usrng data col¬ 
lected in the temperature range of 30 K<T<320 K. Departures from the 
fitted curves at low temperatures are clearly seen. The temperatures at which 
the departures begin match very well to the Neel temperature determined 
using neutron diffraction. 

3.01/i B for the x=0.04 and 0.08 compounds, respectively. 
These values are smaller than the value of 3.58 n B expected 
for free ions. We believe that the reduction of the effective 
moment is likely due to the crystalline electric field effects. 


As the Ga doping is increased the effect becomes more pro¬ 
nounced and hence the effective moment is much reduced. 

In conclusion, the ordering temperature of the Pr spins is 
effectively reduced by Ga doping, while it is not affected by 
Zn doping. 4 The Ga atoms substitute into the CuO-chain lay¬ 
ers, and the Zn atoms into the Cu0 2 -plane layers. It is then 
clear that the CuO-chain layers are more responsible than the 
Cu0 2 -plane layers for the high ordering temperature of Pr 
observed in PrBa 2 Cu 3 0 7 . 
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! K. Yu. Arutyunov and N. P. Danilova 
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A. A. Nikolaeva 

1 Applied Physics Institute ofMoldovian Academy of Sciences, Kishinev 277028, Moldovia 

The transport properties of thin single-crystalline tin and indium filaments in glass cover were 
studied. TTie length of the samples was much greater than the quasiparticle relaxation length. The 
width of the resistive transition and the electron free path of the samples studied were comparable 
with the corresponding values of the perfect whiskers. The observed step-like current-voltage 
characteristic could be described by the model of noninteracting phase-slip centers. 


I. INTRODUCTION 

The sudden destruction of superconductivity by the 
transport current of a homogeneous bulk sample could be 
described by the model of a spreading “hot spot” when the 
normal phase nucleates within the region of reduced super¬ 
conducting parameters. It is not obvious whether the above 
model could be applied to a homogeneous one-dimensional 
filament. A sample could be considered as a quasi-one- 
dimensional superconductor with a uniform current flowing 
in if the coherence length f(T) and the field penetration depth 
\(T) are not small compared to the transverse dimensions. 
Due to strong temperature dependences of f(T) and \(T) the 
requirement of quasi-one-dimensionality for clean I-type su¬ 
perconductors holds within few mK below T c for the 
samples of several microns in diameter. 

For small measuring currents the resistive transition 
curves V(T) for thin whiskers is very small (~1 mK) and 
show the typical smooth shape of a fluctuation governed 
phase transition. 1 However, for high measuring currents the 
transition width rises and the voltage steps build up which 
become more distinct for larger fixed currents. 2 The voltage 
steps are also observed in the V(l) characteristics at fixed 
temperatures few mK below the critical temperature T c .* 

At the present moment we may state that the step-like 
peculiarities of the voltage-current characteristics in quasi- 
one-dimensional superconductors could be qualitatively de¬ 
scribed by the essentially nonequilibrium process of the 
phase-slip centers (PSC) activation. 3 Still there are some 
questions which are not clear enough. One of them is the 
problem of the interaction of the PSC on a distances compa¬ 
rable with the length of quasiparticle charge imbalance relax¬ 
ation. 

In the present work we present the experimental study of 
galvanomagnetic properties of long tin and indium filaments 
in a glass cover. The process of filament drawing permits us 
to produce a homogeneous wire of hundred meters in length 
with highly uniform parameters. However, the existence of 
the glass cover along with considerable reinforcement of the 
metal core initiates several problems with the partial temoval 
of the glass for voltage and current probes. That is why in the 
present work special attention is paid to contact effects. 

II. EXPERIMENT 

The filaments were prepared by drawing of molten metal 
in glass capillar) 4 Depending upon the metal, type of the 


glass, temperature, cooling, and speed of the wire spinning it 
is possible to produce filaments with diameter of metal core 
from 0.6 to 40 pm. X-ray analysis showed that all the wires 
studied are single crystals. The observation of the samples 
with the scanning electron microscope (SEM) displayed no 
cuts. 

The filament with length ~1 cm was glued to a sapphire 
substrate excluding narrow ~20 pm regions for electrodes 
where the glass was removed with hydrofluoric acid. The 
current probes were prepared by direct placing silver paint or 
Wood’s metal above the glass-free ends of the filament. The 
best results for potential probes were obtained by placing a 8 
/am copper wire covered with a thin layer of conducting 
epoxy across the sample. 

The samples were mounted inside a massive vacuum 
calorimeter with an internal heater. The temperature was sta¬ 
bilized with a double-level PID controller system with an 
accuracy ±0.1 mK. All measurements were performed using 
a conventional four-probe method. External magnetic field 
was generated with a double-layer solenoid. The Earth mag¬ 
netic field was reduced to «S1 mOe by the superconducting 
shield. 


III. THEORY 

Soon after the experimental observation of a step-like 
V(I) structure of tin whiskers 2 Scocpol, Beasley, and 
Tinkham (SBT) proposed a model 3 which can qualitatively 
describe the observed phenomena. The SBT model associ¬ 
ates the voltage steps with activation of PSC along the one¬ 
dimensional superconductor. The PSC is a region of weak¬ 
ened superconductivity ( S-S'-S boundary). The idea of PSC 
is related with the assumption that the phase <f(r,r) of the 
superconducting order parameter 'P(r,r) = ty 2 exp[i(p(r,/)] 
is periodically reduced by 2tt to compensate the monotonic 
growth of the time-dependent phase due to the existence of 
nonzero voltage across the PSC: d(p/dt=2 eV/h. In order 
the process could be stationary in time the period of the 
phase-slip events should be equal to r S | v =/i/(2e(l / )), where 
(V) is the time-averaged voltage across the PSC. 

SBT postulated that the phase-slip event occurs within 
the range ~^{T) of the PSC core, while the nonequilibrium 
quasiparticles charge imbalance relax on a length scale 
A=(l/3/y f T ( ,) 1/2 , where l is the mean-free path, v F the 
Fermi velocity, and T e is the elastic electron relaxation time. 
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The current-voltage characteristic of a single PSC could be 
described by 3 

dV 

V(/) = —(/-/ 0 ), (1) 

where I 0 is the excess current and the differential resistance 
(dV/dl) is associated with the resistance of the normal-like 
section of length L(1) = 2A. 

Later, Tinkham 5 applied the ideas of SBT to describe the 
current-voltage characteristics of an ideal homogeneous fila¬ 
ment. The resulting step-like V(I ) dependence was associ¬ 
ated with successive activation of N independent PSC at 
critical currents I c -1 c (l)<I c (2)< -• • <1 C (N). The interac¬ 
tion of the PSC is reduced to the activation of the successive 
PSC midway between existing ones. For sufficiently long 
filament L/2NA>1 the PSC are well separated and weakly 
interacting. The general spacing of the predicted steps is in a 
reasonable agreement with experimental results, 6 but the po¬ 
sitions of the first steps are separated by inevitable inhomo¬ 
geneities, which overwhelm the exponentially weak interac¬ 
tion of the ideal model. 5 

Kadin, Smith, and Scocpol (KSS) developed a detailed 
model of a charge imbalance wave equation for a PSC con¬ 
nected to a transmission line. 7 The KSS model includes the 
SBT as a limit of a diffusive decay of a charge imbalance. 
However, KSS showed that under some conditions the relax¬ 
ation of charge imbalance results in propagating of charge- 
imbalance waves on the scales much greater than the A of 
the SBT model. Therefore, the KSS model predicts the long¬ 
distance interaction of the PSC. 

Along with the models involving the phase-slip event 3,7 
the generalized time-dependent Ginzburg-Landau (TDGL) 
model was introduced to describe the transport properties of 
one-dimensional superconductors. 8 

However, taking into account the inevitable inhomoge¬ 
neities of the actual superconducting filaments and restricting 
attention to the first voltage steps of the V(I) transition one 
can use the SBT model to rationalize the experimental re¬ 
sults. 

IV. RESULTS AND DISCUSSION 

For all the samples studied the relation of resistance at 
room temperature R (room) to the one at 4.2 K R( 4.2) is 
used for calculation of the mean-free path l utilizing the 
well-known values for the product (pi) and p(room) for tin 
and indium. 6 It was found that the mean-free path l mono- 
tonically increase with increasing of the filament diameter, 
reaching the maximum value of 1=6 /zm for 8 /am indium 
filament and /=3.4 /am for the thick 13 /am tin wire. 

The width of the superconducting resistive transition 
A T c varies from 0.01 to 0.15 K. Measuring the samples pre¬ 
pared from different parts of the same filament it was found 
that the broadening of the resistive transition is greatly de¬ 
termined by the quality of the contacts. An example of the 
wide resistive transition is shown in Fig. 1 for indium sample 
In-FI. It is clearly seen that there are at least two kinks on 
the R(T) dependences at //=0. The form of the transition 
depends upon the direction of the temperature variation, dis- 



T. K 


FIG. 1. Resistance vs temperature for the sample In-FI for zero magnetic 
field and for applied transverse (H±J) magnetic field At = 22.5 Oe. Arrows 
indicate the direction of the temperature variation 


playing small hysteresis even for zero magnetic field. The 
kinks are related to the existence of weakened superconduc¬ 
tivity in the locus of the potential probes. Joule heating leads 
to a small hysteresis. The application of the external mag¬ 
netic field H <// 6ulk may efficiently suppress the weak super¬ 
conductivity resulting in smooth R(T) dependences at least 
at a high-temperature region. We suppose that the increase of 
number of kinks at a low-temperature limit is due to the 
generation of the intermediate state in the weakened region 
by the magnetic field. The suppression of superconductivity 
in the locus of contacts is a reversible process. Careful re¬ 
mounting of potential probes of the same sample may sig¬ 
nificantly smooth out the form and decrease the width A T c 
of the resistive transition. 

However, along with the discussed above “contact” 
broadening of the R(T) dependences, the increasing of mea¬ 
suring current increases the width of the resistive transition 
A T c , displaying a step-like structure and hysteresis. We sup¬ 
pose that the observed phenomenon is related not only with 
the inevitable thermal heating, 9 but also with the details of 
nonequilibrium quasiparticle relaxation. 7 

The voltage-current characteristics at fixed temperatures 
display a wide transition with pronounced step-like structure 
(Fig. 2). Each V(l) curve could be approximated by a set of 
voltage jumps V(i) at currents l c (i) and linear plateaus with 
“constant” differential resistance (dV/dl),. The finite curva¬ 
ture of the actual V(I) characteristics indicates the existence 
of heating. As one may expect, because of the existence of 
the glass cover, the heating effects are observable, but not so 
significant to smear out the step-like structure of the V(I) 
transitions. 

According to the model of noninteracting PSC 5 the in¬ 
crements of differential resistance for all voltage steps are 
equal: ( dV/dI) l -(dV/dI),-< = (dVldI) l =consl Due to the 
heating effects mentioned above, we cannot state that the 
above relation holds for all steps of V(I) transition. But from 
Fig. 2 it can be clearly seen that ( dVldI) l increases with an 
increase of the transport current I. 
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FIG. 2. Voltagc-currcnt characteristics of the sample Sn-Ol for fixed tem¬ 
peratures A 7'= T-T c . The inset shows the amplitude of the first voltage 
step V(l) as a function of the critical current l c (\). 



In the SBT model , 3 the quasilinear plateaus of the V(I) 
transition are associated with activation of PSC with normal¬ 
like lengths L(i) = 2A: 

UiM(dV/dI),-(dV/dI),. l ](LIR„) t (2) 

where L is the length of the sample and R N the normal re¬ 
sistance. Figure 3(b) shows the temperature dependences of 
L( 1) and L(2) corresponding to V(I) transition of Fig. 2. 
Significant dispersion of L(i) experimental values is related 
with the problem of ( dV/dl ), correct definition of the actu¬ 
ally curved V(I) plateaus. Within experimental errors no 
temperature dependence could be observed. The absence of 
temperature dependence and the values L(i,T) correlate well 
with existing results for tin whiskers . 6 

It is remarkable that the height of the first voltage jump 
V(l) = V\I f (l)| follows a straight line (Fig. 2, inset), which 
holds for all tin and indium samples. Since according to Eq. 
( 1 ), T( 1 ) = (</F’/<//) i [ 1 — /()// c ( 1 )]/ ( ( 1 ) this observation in¬ 
dicates that the temperature dependence of ( dV/dI) { and 
[ 1 --/ n // c ( 1 )] compensate each other so that their product is 
independent of the temperature and, therefore, is constant for 
different critical currents l c (\,T). 

According to the SBT model 3 the relation of excess cur¬ 
rent to the critical value is a constant equal to /„// f = 0 . 6 . 
Within experimental errors our results give the value 
/,)//<.=0.8 for the first step [Fig. 3(b), right axis] which cor¬ 
relate with the TDGL model . 8 

The temperature dependence of the critical current 


FIG. 3. (a) Critical current 7 f ( 1) M as a function of the temperature 
A T= T- T c for the sample Sn-Ol. The lines arc the theoretical calculations' 
the “3/2" law 1 C ~(T C -T) ia and the Silsbec rule I e ~(T c -T) 2 . (b) Rela¬ 
tion l 0 II r (+) and the normal-like lengths 7(1) (■), 7(2) (□) vs tempera¬ 
ture M=T-T C for the sample Sn-Ol. The solid line corresponds to the 
value l 0 /l c =0 8 

/ C (I,T) at temperatures close to critical value T c follows 
the “3/2” law for a one-dimensional filament: 
Ic(T)~(T c -T ) i ' 2 [Fig. 3(a)]. For low enough temperatures 
there are deviations from the “3/2” law and the I C (T) fol¬ 
lows the Silsbee rule for a three-dimensional superconductor 
[Fig. 3(a)]. It is remarkable that, nevertheless, the sample 
displays qualitatively the same step-like V{I) transition at 
low temperatures (T c -Ts* 20 mK) being not one¬ 
dimensional (Fig. 2). The low-temperature behavior of super¬ 
conducting filaments is a subject for future investigations . 10 
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Remanent magnetization of layered and isotropic superconductors 
(abstract) 

Yu. V. Bugoslavsky, A. A. Minakov, and S. I. Vasyurin 

General Physics Institute 117942, Vavilov st. 38, Moscow, Russia 

There are contradicting data on the anisotropy of remanent magnetization of high-temperature 
superconductors. 1-3 To clarify the mechanism of this anisotropy we performed a comparative study 
of thermoremanent (TRM) and isothermal remanent (IRM) magnetizations. We report on the results 
obtained on layered single crystals of LaCrSuO and RBaCuO (R=Y,Gd) families as well as on 
isotropic soft alloy Bi:Pb:Sn and nontextured ceramic YBaCuO samples. The experiments were 
done by means of a vibrating-sample magnetometer. The external magnetic field up to 8 kOe was 
applied to magnetize the samples at arbitrary directions. It was found that all the studied plate-like 
samples show the effect of “easy remanent magnetization axis:” the vectors of IRM and TRM tend 
to point along the normal of the plate at any magnetizing or cooling angle. In the case of TRM this 
effect can be well described considering the influence of the sample shape. This fact was proved by 
measurements on samples with substantially different aspect ratios. Thus, we argue that the 
anisotropy of TRM is not related to anisotropic flux trapping. The anisotropy of IRM is a more 
complex phenomenon, as it involves inhomogeneous flux distribution in the sample. Nevertheless, 
it was found that the dependence of IRM direction on the magnetizing angle is also governed mainly 
by the sample shape. The corrections to the effective demagnetization factors were calculated, which 
arise due to the flux distribution. The analysis of the absolute value of IRM on the magnetizing angle 
allows one to distinguish between the influence of the critical current anisotropy and the sample 
shape. 


'U. Jaron ct al„ Phys. Rev. B 44, 531 (1991). 

2 S. Kolesnik et al., Cryogenics 32, 979 (1992). 

3 T. Habisrculher et al., Proceedings of the European Conference on Ap¬ 
plied Superconductivity, Gottingen, 1993. 


■ Z14.7 I Ar.r.l Ph'„e 7fi Mffl IS Mpyprnhpr 1QQ4 _00P1 Rq7q-94'76M0)/714g/1;SS 00 


© 1994 American Institute of Physics 


Two types of additional maxima in magnetization curves of layered 
superconductors (abstract) 

Yu. V. Bugoslavsky and A. A. Minakov 

General Physics Institute, 117942 Vavilov St. 38, Moscow, Russia 

We report on magnetic measurements of LaSrCuO and YBaCuO single crystals in order to clear up 
their anomalous behavior and to attribute it to the crystals’ anisotropic properties. Magnetization 
curves were obtained by means of a vibrating sample magnetometer at temperatures from 4.2 to 90 
K. The magnetic field up to 8 kOe was applied at various angles with respect to the crystal c axis. 
Our main findings are that there are two physically different types of additional maxima, as ruled out 
from the evolution of magnetization curves with varying the tilt angle of the external field. One type 
of the maxima is attributed to anisotropic flux penetration into a sample and flux-line-lattice rotation 
with increasing the field. We provide an experimental justification of this explanation. The second 
type of maxima is related to an anomalous increase of the critical current in magnetic field which 
is often referred to as the “fishtail” phenomenon. It was found that the existence of the fishtail is 
closely related to the anisotropy of flux pinning. On this basis a qualitative model was developed to 
describe this phenomenon. The model takes into account vortex interaction with stretched pinning 
sites and the vortex bending due to stray fields in the sample. The formation of staircase flux lines 
is also assumed, as specific for layered superconductors. The qualitative explanation of the fishtail 
is as follows. At low fields the flux lines are strongly curved. When increasing the field, they 
straighten and fit the linear pinning sites better, which gives rise to more effective flux line fixing. 
The proposed model allows to describe the angular and temperature dependencies of the additional 
maximum position. 


“Effective radius” of the 4 f electrons in REBa 2 Cu 3 0 7 , RE=Dy, Ho, Er 
(abstract) 

Yu. A. Koksharov and P. K. Silaev 

Department of Physics, Moscow State University, Moscow 119899, Russia 

It is well known that in most high-temperature superconductors rare earth (RE) ions and 
superconducting copper-oxygen planes coexist as rather isolated subsystems. It would be expected 
that the “magnetic” 4/ electrons are to be strongly localized as it takes place in many oxides. 1 On 
the other hand, significant crystal-field (CF) splitting of RE ground states is evidence that the 
“effective radius” of the 4/ electron wave functions (WF) could be large. 2 ' 4 This matter could be 
responsible for the disappearance of the superconductivity in Pr 123 since the “effective radius” of 
the 4/ electron WF increases from Yb to Ce. There is the adequate complete information about CF 
splitting in HoBa 2 Cu 3 0 7 (Ho 123 ) from inelastic neutron scattering experiments. The energies of 
low-lying levels are known also for Dy, 23 3 ' 4 and Er 123 . 3 To compute CF splitting in RE 123 
compounds the hydrogen-like one-electron radial WF R{r)=(rN)exp(—alpha r) are used. Only five 
parameters are taken into account to accord the calculated and experimental data: alpha, N, and 
effective charges of nearest oxygen, copper, and barium ions. The minimal discrepancy for Ho 123 is 
small enough for such simple approximation. The minimum is observed with enough magnitude of 
alpha than the one in the case of free Ho 3+ ion. The same is true for Dy 123 and Er 123 . This fact points 
out the strong localization of the 4/ one-electron radial wave function and probably on the small 
covalent mixture of 4/ (“magnetic”) and 3d-2p (“superconducting”) orbitals. 
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Heiicoidal, magnetic vortex in a current-carrying superconductor 
in a longitudinal magnetic field: New exact solution (abstract) 

Yuri A. Genenko 

Donetsk Phystech, 340114 Donetsk, Ukraine 

A resistive state in a type-II superconductor (SC) is conditioned by the Abrikosov magnetic vortex 
motion in them. In absence of external magnetic field the entry of vortex rings of a transport current 
self field determines the resistivity oneset. 1 Being applied along the current-carrying SC cylinder the 
magnetic field does not affect the entry of self-field vortex loops, because of force-free geometry. 2 
In a latter case other vortex configurations, more likewise a field line pattern, seem to face less edge 
barrier against vortex entry and determine the resistivity onset. In this work an exact solution for 
heiicoidal magnetic vortex is found in a London approximation, similar to magnetic heiicoidal 
configurations known in magnetism. The Gibbs free energy of the current-carrying SC cylinder in 
a parallel magnetic field is constructed and the edge barrier problem of irreversible entry of helicoid 
into the SC sample is solved. An optimal parameter of helicoid is chosen by minimization of critical 
SC parameters (current or field) for vortex entry. The phase diagram of resistive state in coordinates 
current field is evaluated. An essential difference of magnetic behavior between thin (of radius 
^<1, London penetration depth) and thick {R> 1) samples is shown. The latter exhibit the 
field-dependent critical current J„ due to the helicoid entry in almost all of the field region H<H C , 
the thermodynamic critical field, while for R<1 J c „ almost field-independent, is determined by the 
vortex ring entry. 
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Ga substitution effect on magnetic and magnetostrictive properties 
of TbFe 2 compounds 

Y. J. Tang, Y. B. Feng, and H. L. Luo 

Institute of Physics, Academia Sinica, Beijing 100080, People’s Republic of China 

S. M. Pan 

General Research Institute for Non-Ferrous Metals, CNNC, Beijing 100088, People’s Republic of China 

In the present paper magnetic and magnetostrictive properties of Tb(Fe ] _ i .Ga_ t ) 2 (*=0-0.2) 
compounds were investigated. It was found that the iron moment of the compounds does not seem 
to vary much for *=£0.12. The Curie temperatures of the compounds decrease continuously by 
substituting Ga for Fe, which was attributed to the decrease of the R-T coupling strength due to Ga 
substitution. The intersublattice coupling constant 7^ Fe was evaluated by molecular field model. The 
decrease oIJ RFe with increasing Ga content was found and related to the decrease of the number of 
the Tb-Fe interaction pairs when replacing Fe with Ga. By using an x-ray diffractometer the samples 
were step scanned with Cu radiation at a higher Bragg angle 28 ranging from 71° to 74° to study 
the cubic (440) reflection. The splitting of (440) reflection for X 1.2 was clearly seen and the easy 
direction magnetostriction X. m of the compounds was calculated. It was found that X. UI decreases 
with increasing Ga content. This was attributed to the decrease of magnetic properties of the 
compounds. The polycrystal magnetostriction k s of the compounds has also been studied. 


I. INTRODUCTION 

Substitution of Fe with other transition metals, such as 
Mn, Co, Ni, Al, etc., in RFe 2 cubic Laves compounds are of 
considerable interest because in some cases such substitution 
can improve the magnetostriction of the compounds. 1 " 4 Ac¬ 
cording to Clark et al. 5 the magnetostriction of such com¬ 
pounds are highly anisotropic, exhibiting different magneto¬ 
strictive characters depending on their easy magnetization 
direction, i.e., A U1 §>\ 100 . The huge \ m ’s are allowed be¬ 
cause two inequivalent tetrahedral rare earth sites exist in the 
C15 structure while the potentially huge values of \ 100 are 
shorted out because of the high tetrahedral symmetry at the 
rare earth site, which means that only transition metal con¬ 
tributes to X 100 . It was found 2 that the magnetostriction of 
Tb 03 Dy 0 7 (Fe! - X T X ) 2 decreases when replacing Fe with Ni or 
Co. Teter et al. 3 also found that the low Tb concentration 
samples with Mn substitution do show a tendency to have a 
lower A H/\ ratio than the pure iron ones in a twinned single 
crystal of Mn substituted Terfenol-D. Recent studies 1,6 have 
found that substituting Fe with Mn in Tb c Dy,_ t Fe 2 com¬ 
pounds could shift the magnetocrystaliine anisotropy com¬ 
pensation composition to higher Tb content and was effec¬ 
tive to improve their magnetostriction because of the Mn 
influence on the magnetocrystaliine anisotropy; and Mn sub¬ 
stitution in DyFe 2 increases the magnetostriction at room 
temperature, especially in low fields, which is suggested to 
be caused by A 100 increase. It was also found 7 that the mag¬ 
netostriction shows a significant increase with substituting a 
small amount of Mn in Y 0 ,l'b 0 9 (Fe ! _^Mn_ t ) 2 compounds. 
These results suggested that transition metals could play a 


relative important role in improving the magnetostriction of 
RFe 2 compounds through R-T interaction, especially at low 
fields. 

Although the theory of anisotropy and magnetostriction 
is well developed for the rare-earth sublattice in RFe 2 Laves 
compounds, a detailed understanding of the effect of the 
transition metals on magnetostriction proved to be elusive. A 
better knowledge of such an effect both from experimental 
and theoretical points of view may lead to some discoveries 
of new giant magnetostrictive materials at relatively low 
field. 

In the present study magnetic and magnetostrictive prop¬ 
erties of Tb(Fe ( - x GaJ 2 (*=0-0.2) compounds were mea¬ 
sured in order to reveal the substitution effect. 


II. EXPERIMENT 

The Tb(Fe 1 _ ;t GaJ 2 (*=0-0.2) compounds were arc 
melted in a magnetocontrolled arc furnace under an atmo¬ 
sphere of very pure argon, and annealed at 900 °C for a week 
under a purified-argor, atmosphere. X-ray analysis showed 
that all samples were single phase of cubic Laves structure 
(C15). Curie temperature was obtained by extrapolating the 
cj 2 -T curve to cr=0. Saturation magnetization (a s ) was 
measured in the extraction magnetometer with field up to 60 
kOe at 1.5 K. Polycrystal magnetostriction \ s was measured 
by using the strain gauge method in applied field up to 20 
kOe at room temperature and was obtained by using parallel 
strain \|j and perpendicular strain X ± , to applied magnetic 
field as follows: 

(i) 
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TABLE I. Lattice constant a, Curie temperature T c , and intersublattice cou¬ 
pling constant J Rfc for Tb(Fe 1 _ I Ga,) 2 compounds. The values Z K?C 
- 12, Z FtR = 6, S Fc =0.78, g R = 3/2, and .7 = 6 are used in the calculation. 


X 

a (A) 

MK) 

~ 7/j Fc (10 -22 J) 

0 

7.346 

694 

2.1 

0.03 

7.360 

662 

1.6 

0.06 

7.370 

614 

0.9 

0.09 

7.383 

593 

0.6 

0.12 

7.391 

545 

0.3 


By using an x-ray diffractometer, the samples in powder 
form were step scanned with Cu radiation at a higher Bragg 
angle 26 ranging from 71° to 74° in order to study the cubic 
(440) reflection. The absolute error of the measurement for 
the lattice constant is less than 0.002 A. The easy direction 
magnetostriction \ U1 of the compounds was calculated by: 8 

Xiu“A«, (2) 

where A a is the devia.ion of the angle between neighboring 
edges of the distorted cube from tt/2. 

III. RESULTS AND DISCUSSION 

The lattice constants of Tb(Fe! _*GaJ 2 (* = 0-0.12) 
compounds were measured by x-ray diffraction and listed in 
Table I. It could be found that they increase with increasing 
Ga content, obeying Vegard’s law. Studying the magnetic 
behavior of TbFe 2 compounds both as a single crystal and 
polycrystal from previous research, 5 we found that even at 
120 kOe it was impossible to saturate the polycrystal 
samples at 4.2 K. In the present study, the polycrystal mo¬ 
ment is reduced by about 10% below the single-crystal 
value. Assuming the same reduction of the moment for 
Tb(Fe 1 _, t Ga :t ) 2 compounds, we obtained from the saturation 
data an iron magnetic contribution (1.56±0.03)/i fi for the 
entire concentration range. 

Although the iron moment does not seem to vary much 
in the studied composition range, the Curie temperatures T c 
ofTb(Fei_,Ga,) 2 compounds decrease continuously by sub¬ 
stituting Ga for Fe. This is evidence that the greatest contri¬ 
bution to T c values is given by the interactions involving the 
iron atoms. T c reduction can be attributed to the decrease of 
the R-T coupling strength due to Ga substitution. On the 
basis of molecular field theory the R-T intersublattice¬ 
coupling constant J Rf( . can be obtained by: 9 


(J R?e /k) 2 - 


_ 9(T c -T y c )T c 

4ZRF e ZfeRSf t {Sf l ,+ 1 )(gR- 1 )"7(7 + 1) ’ 


(3) 


where T c and T Y C represent the Curie temperatures of (he 
compounds in which R is magnetic (7^0) or R is nonmag¬ 
netic (7=0), respectively; k is Boltzmann constant. Some 
parameters used in the calculation are listed in Table I. Here 
7Fe 2 was used as the 7 = 0 compound in the calculation. The 
magnetic-coupling strength constants derived from Eq. (3) 
ore listed in Table I. For TbFe 2 ,7 RFe is 2.1X10 -22 J, which 
agrees well with 153A: (yields a value of 2.3X10 -22 J) esti¬ 



FIG. 1. X-ray spectra for Tb(Fc 1 _ x Ga t ) 2 compounds 


mated from Mossbauer spectra for R¥t 2 compounds 10 and 
somewhat smaller than 19.1 K for J Rfe /k (yields a value of 
2.6X10 -22 J) derived from high field measurements, 9 and 
2.93XI0” 22 J evaluated by ab initio calculations." The de¬ 
crease of 7 ft p c with increasing Ga content is apparently seen 
from Table I. This can be related to the decrease of the num¬ 
ber of the Tb-Fe interaction pairs when replacing Fe with Ga. 

TbFe 2 , whose easy direction is parallel to [111], presents 
a rhombohedral distortion at room temperature. We suppose 
that no easy direction change occurs for the entire concen¬ 
tration range for Tb(Fe] _^.Ga,) 2 (* = 0-0.2) compounds. In 
this study \ 1U was determined from the splitting of the high 
Bragg angle (440) reflection. The splitting of the (440) re¬ 
flection due to the distortion is of the same order of magni¬ 
tude as the one due to the doublet Xa l , Ka 2 \ actually a 
triplet is observed. So the reflection created by Ka 2 is de¬ 
ducted from the whole reflection using a standard method. 
Figure 1 shows the x-ray spectra after deduction for the com¬ 
pounds. ForTbFe 2 , the calculated distortion is 0.0024, which 
corresponds to a rhombohedral angle a R = 89.86°. This re¬ 
sult shows a good agreement with single crystal data 5 and 



FIG 2. Ga concentration dependence of \ nl for TblFe^GaJj compounds 


m 






FIG. 3. Magnetic field dependence of polycrystal magnetostriction for 
Tb(Fe t _,Ga,) 2 compounds. 

previous x-ray studies for TbFe 2 . 12 The splitting of the (440) 
reflection is clearly seen from Fig. 1. It decreases with in¬ 
creasing Ga content. When ^=0.2 the splitting disappears, 
which means that the distortion becomes too small to be 
measured at room temperature. It could also be found from 
Fig. 2 that \ 1U decreases linearly with increasing Ga content, 
which can be attributed to the decrease of magnetic proper¬ 
ties of the compounds. It is well known that the large mag¬ 
netostriction in RFe 2 compounds is due to the interactions of 
the anisotropic cloud of the 4/ electrons with the crystal field 
and transition metals. At cording to the single-ion model, the 
magnetostriction varies with temperature as o- R (T). Assum¬ 
ing that the R sublattice moments decrease with decreasing 
Curie temperature, the rapid decrease in T c with increasing 
Ga content results in a strong decrease of <t r (T) at room 
temperature, which in return leads to a marked reduction in 
magnetostriction. Figure 3 shows the polycrystal magneto¬ 
striction X s versus applied magnetic field at room tempera¬ 
ture for the compounds. It can be seen that the magnetostric¬ 
tion of the compounds are not saturated even at 20 kOe. We 
note that the magnetostriction at 20 kOe drops with increas¬ 
ing Ga content. This situation is not the same as that for 
Y 0 iTb (l . 9 (Fe, ^Mnj 2 compounds in which the magnetostric¬ 
tion shows a significant increase with a small amount of Mn 


compounds. 7 This suggests that substitution Ga cannot im¬ 
prove the saturated magnetostriction for TbFe 2 compound. 


IV. CONCLUSION 

In conclusion we would like to point out that: 

(1) while the iron moment does not seem to vary much 
in the studied composition range for Tb(Fej _ x Ga^) 2 (jc= 0- 
0.12) compounds, the Curie temperatures T c decrease con¬ 
tinuously by substituting Ga for Fe, which was attributed to 
the decrease of the R-T coupling strength due to Ga substi¬ 
tution. The decrease of J RFc with increasing Ga content, 
which was obtained by molecular field model, can be related 
to the decrease of the number of the Tb-Fe interaction pairs 
when replacing Fe with Ga. 

(2) The splitting of (440) reflection for x =sl.2 was 
clearly seen and the easy direction magnetostriction X m of 
the compounds was calculated. It was found that X m de¬ 
creases with increasing Ga content, which was attributed to 
the decrease of magnetic properties of the compounds. By 
using the strain gauge method, we found that substitutional 
Ga cannot improve the polycrystal magnetostriction for the 
TbFe 2 compound. 

*T. Funayama, T. Kobayashi, 1 Sakai, and M. Sahashi, Appl. Phys. Lett. 
61, 114 (1992). 

! A E Clark, J. P. Tetcr, and O. D. McMasters, IEEE Trans. Magn. MAG- 
23, 3526 (1987). 

3 J. P. Teter, A E. Clark, M. Wun-Fogle, and O D McMasters, IEEE Trans. 
Magn. MAG-26, 1748 (1990). 

4 A. E. Clark, J. P. Teter, and M. Wun-Fogle, J. Appl. Phys. 69,5771 (1991). 

5 A. E. Clark, Ferromagnetic Materials, edited by E. P. Wohlfarth (North- 
Holland, Amsterdam, 1980), Vol. 1, p. 531. 

6 M. Sahashi, T. Kobayashi, and T. Funayama, Proceedings of the Tenth 
International Workshop on Rare-earth Magnets and Their Applications, 
Kyoto, Japan, May 16-19, 1989, p. 347. 

7 H. Y. Yang, H. O. Guo, B. G. Shen, L. Y. Yang, J. Yuan, and J. G. Zhao, 
Phys. Status Soltdi A 129, K107 (1992). 

8 R. Z. Levitin and A S. Markosyan, J. Magn. Magn. Mater. 84, 247 (1990). 
9 J. P. Liu, F. R. de Boer, and K. H. J. Bushow, j. Magn. Magn. Mater 98, 
291 (1991). 

10 B. Bleaney, G. J. Bowden, J M. Cadogan, R. K. Day, and J. B. Dunlop, J. 
Phys. F: Metal Phys. 12, 795 (1982) 

11 M. Lifbs, K. Hummler, and M Fahnlc, J. Magn. Magn. Mater. 124, 239 
(1993). 

12 B. Barbara, J. P. Giraud, J. Laforest, R. Lemaire, E. Staud, and J. 
Schweizcr, Phystca 86-88B, 155 (1977). 


J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 


Tang et at. 


7147 




Comparison of the dynamic magnetomechanical properties 

Of Tbo > 27^yo.73^ : ®2 *^^0.30^y0.70^®2 

D. Kendall 3 ’ and A. R. Piercy 

Department of Mathematical Sciences, University of Brighton, Brighton BN2 4GJ, United Kingdom 

Comparison is made between the magnetomechanical properties of Tb 0 27 Dy 0 . 73 Fe 2 (27 Tb) and 
Tb 0 . 3 oDyo. 7 oFe 2 (30 Tb), two commercially available compositions of the giant magnetostrictive 
alloy Terfenol-D. The quasi-static magnetostriction (as a function of bias field) and the dynamic 
strain coefficient (as a function of bias field and frequency) are shown for the two compositions at 
room temperature, using stress bias values of 0 and 9 MPa. The energy loss per cycle as a function 
of frequency is also given. The data for the static magnetostriction versus bias field shows 30 Tb to 
exhibit a significantly greater increase in initial slope and saturation strain when stress bias is 
applied compared to that seen for 27 Tb, which possesses superior magnetostriction at zero stress 
bias. A similar trend is observed in the data for the dynamic strain coefficient with 30 Tb again 
performing better under stress bias. The widening of the static strain hysteresis loop observed for 
stressed 30 Tb is seen to manifest itself in the low frequency energy loss per cycle; however 27 Tb 
is observed to possess the higher eddy current loss at 1 kHz. Data for the ratio d/x, a quantity which 
is dependent only on magnetization processes and material constants, are shown which suggests that 
the application of a stress bias affects the magnetization processes, but differently for the two 
compositions. 


INTRODUCTION 

The magnetomechanical properties of Terfenol-D of 
nominal composition Tb 0 27 Dy 0 73 Fe 2 have been extensively 
investigated for use in actuator and transducer devices (see 
the review by Jiles 1 ). It has also been widely reported that 
the composition Tb 030 Dy 0 70 Fe 2 , under stress bias, has a high 
saturation magnetostriction and a high differential (quasi¬ 
static) strain coefficient (the burst effect 2 ) making the mate¬ 
rial suitable for use in actuators, but little has been reported 
on the dynamic properties and frequency response of this 
composition. In this article, a comparison is made of the 
static and dynamic magnetomechanical properties of com¬ 
mercial samples of Tb 0 27 Dy 0 73 Fe 2 and Tb 030 Dy 070 Fe 2 , both 
with and without stress bias. 

EXPERIMENT 

The magnetomechanical properties of the Terfenol-D 
samples were determined at room temperature in an electro¬ 
magnet using a strain gauge to measure the static and dy¬ 
namic magnetostriction and search coils to monitor the drive 
field and dynamic magnetization in the material. A drive field 
of 2 kA m -1 rms (5.6 kA m -1 peak-to-peak) was employed. 
The energy loss per cycle per unit volume (VF) was calcu¬ 
lated from the measured values of the peak drive field, the 
magnitude of the dynamic relative permeability (fi r33 ) and 
the phase of /i, 33 with respect to the drive field (the loss 
angle, S B ). 

Stress bias was applied to a sample in the electromagnet 
using a rig comprising perspex head and tail pieces held 
together by three bolts. The compressive stress was supplied 
by a spring on each bolt and the rig was calibrated using a 


‘'Present address. DRA, Holton Heath, Poole, Dorset BH16 6JU, United 
Kingdom. 


load cell in order subsequently to allow the force to be de¬ 
termined through the number of turns on the bolts. The 
amount of perspex between the ends of the sample and the 
pole pieces was kept to a minimum to reduce demagnetizing 
effects. 

Both samples were manufactured by ETREMA of Edge 
Technologies, Ames, Iowa, and were 6 mm in diameter and 
cut to a length of 64 mm to fit the stress rig. In this article the 
sample of composition Tb 0 27 Dy () 73 Fe 2 is referred to as 27 Tb 
and the sample of composition Tb 0 3 () Dy 0 70 Fe 2 as 30 Tb. 

RESULTS AND DISCUSSION 

The quasi-static magnetostriction as a function of bias 
field is shown in Fig. 1 for the two Terfenol-D compositions 
under 0 and 9 MPa stress bias. It is clear from these plots that 
applying a stress to 30 Tb transforms the material from one 
that is inferior to 27 Tb with respect to initial slope and 
high-field magnetostriction to one that is superior. The high 



FIG 1 Static magnetostriction as a function of bias field for Tb 0 27 Dy 0 7i Fe, 
and TbojoDyoToFe, under 0 and 9 MPa stress bias at room temperature. 
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TABLE I. Summary of the magnetomechanical properties of Tb 027 Dy 0 73 Fe, and Tb ft 3 oDy 070 Fc 2 at 0 (plain) and 9 MPa (italic) stress bias. 



433m« 70 Hz/ 

Hdl 3m« / 

/ 


H'cddy 1 kHz / 

J m'^ cycle' 1 

Composition 

nm A 1 

kAnT 1 

10' 6 

Jm 3 cycle' 1 

Tb 0 27^70 7jF c 2 

15.3 

10.4 

12.5 

30.0 

1100 

im 

3.8 

40 

7.9 17.9 

Tbo M Dy 070 Fc 2 

10.5 

16.2 

4.5 

22.0 

990 

1840 

38 

9.0 

3.8 12.9 


initial slope for the 30 Tb composition under stress bias has 
been termed the burst effect 2 and is thought to be due to 
jumping 3 of the magnetization in a domain from the easy 
direction perpendicular to the axis of the rod to that closest to 
this direction. The maximum theoretical saturation strain for 
a (112) oriented rod of Terfenol-D is approximately 
1250X10 -6 unstressed and 2080X10 -6 stressed (assuming 
\ m =1640XlCT 6 and \ m /\ 100 =16). Values for the satura¬ 
tion strain \ sa , obtained by extrapolation against 1 IH, are 
shown in Table I and it is clear that neither composition has 
the theoretical value under zero stress. This may be partly 
attributed to axial misalignment of the Terfenol-D grains al¬ 
though, while the 27 Tb sample is 12% lower than the theo¬ 
retical value, the 30 Tb composition is almost 21% lower. 
This behavior is not reflected when stress bias is applied 
since, although the theoretical maximum has not been 
reached (a higher stress bias is required 4 ), the saturation 
strain for 30 Tb is 350X10 -6 greate- than that for 27 Tb. If 
the initial state of magnetization for 3- Tb under zero stress 
is not equivalent to the ideal demagnetized state, then this 
composition may possess positive magnetostriction when 
compared to the ideal state and hence the measured satura¬ 
tion strain will be less than that predicted from theory. Con¬ 
versely, if the initial state of magnetization for 27 Tb is 
closer to the ideal state, the saturation strain will more nearly 
approach the theoretical value. The 30 Tb composition pos¬ 
sesses a higher room temperature anisotropy than 27 Tb and 
hence the initial states of demagnetization or remanence are 
likely to be different. When a stress is applied, easy direc¬ 
tions perpendicular to the rod are occupied, resulting in a 
negative magnetostriction compared with the ideal demagne¬ 
tized state and more available strain on the application of a 
field. 


The observed trend in the initial slope of the plots of 
magnetostriction versus bias field in Fig. 1 is reflected in the 
data for the dynamic strain coefficient W 33 ) as a function of 
bias field shown in Fig. 2, with 30 Tb performing better 
under stress bias than 27 Tb. If the dynamic magnetization 
processes are the same as those under quasistatic conditions, 
then the burst effect mechanism could be responsible for the 
differences observed dynamically. The magnitude of the dy¬ 
namic strain coefficient is not as high as the incrementally 
determined value (which can be as large as 90 nm A -1 for 30 
Tb 5 ), although we have found that d 33 increases markedly 
with the magnitude of the drive field. This field dependence 
arises because at low drive fields the slope of the minor loop 
is less than the slope of the static strain curve, but as the 
drive field is increased, the magnetostriction is forced to ex¬ 
ecute a loop of greater slope due to the limited width of the 
hysteresis of the static curve. 

Figure 3 shows d 33 as a function of frequency for the 
two compositions under stress bias values of 0 and 9 MPa. 
The observed flat response, which has been reported 6,7 pre¬ 
viously for unstressed 27 Tb, is expected because the critical 
frequency, at which eddy current effects are significant, is 
greater than 1 kHz. (The similarity between the magnitude of 
rf 33 under 0 and 9 MPa stress bias is coincidental through the 
choice of bias field. See d 33 at 30 kAnT 1 in Fig. 2.) The 
graph of Fig. 4 shows the energy loss per cycle (W) as a 
function of frequency. The observed widening of the static 
strain hysteresis loop for 30 Tb at 9 MPa is seen to manifest 
itself in the low frequency energy loss per cycle (W hyst ), 
which has similar values for 27 Tb unstressed and stressed 
and for 30 Tb unstressed, but which is more than 50% larger 
for 30 Tb stressed. The data in Table I show that both com¬ 
positions exhibit higher eddy current loss (VT cddy =lV- W hyst ) 




FIG 2 dynamic strain coefficient as a function of bias field for 
Tb 0 27 Dy 0 73 Fe 2 and Tb 0 w Dy 0 ;o Fe 2 under 0 and 9 MPa stress bias at room 
temperature using a 70 Hz, 2 kA m 1 rms drive field 


FIG. 3 Dynamic strain coefficient as a function of frequency for 
Tb,) 27 Dy 0 73 Fe 2 and Tb 0 j,)Dy 0 70 Fe 2 under 0 and 9 MPa stress bias at a bias 
field of 30 kA m 1 using a 2 kA in 1 rms drive field 
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FIG. 4. Energy loss per cycle as a function of frequency for Tb 027 Dy 073 Fc 2 
and Tb 030 Dy 070 Fe 2 under 0 and 9 MPa stress bias at a bias field of 30 
kA in' 1 using a 2 kA m -1 rms drive field. 

at 1 kHz when stressed, with 27 Tb being the higher. In 
consequence, the total loss for 27 Tb with stress bias exceeds 
that for 30 Tb at frequencies above 1 kHz. Part of the in¬ 
crease in apparent eddy current loss can be attributed, from a 
classical eddy current consideration, to the increase in fi r3i 
at the bias field value used. However, not all of the increase 
can be accounted for in this way, suggesting that either the 
eddy current losses behave nonclassically under stress or that 
other loss mechanisms become significant. 

The ratio of the dynamic strain coefficient to the dy¬ 
namic magnetic susceptibility, d/x, is a quantity which is 
dependent only on magnetization processes and material 
constants and therefore can give information on the magne¬ 
tization processes taking place. 6-8 This ratio as a function of 
bias field is shown in Fig. 5 for the two compositions under 
0 and 9 MPa stress bias. The two plots for 2717) are seen to 
exhibit similar trends, with the application of stress causing a 
decrease in the magnitude of d/x . The plots for 30 Tb also 
show a similar trend, although in this case the application of 
stress increases d/x■ These obs nations suggest that stress 
bias changes the magnetiza'u,., pi.icesses, but in different 
ways depending on the composition. Finally we note that at 
low bias fields, the magnitude of d/x for 30 Tb is smaller, 
which suggests an increased number of 180° walls and gives 
support to the suggestion that different demagnetized states 
occur for the two compositions. 
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FIG. 5. The ratio d/\ as a function of bias field for Tb 0 27 Dy 073 Fe 2 and 
Tb 0 3 oDyo 7 oFe 2 under 0 and 9 MPa stress bias at room temperature using a 
70 Hz, 2 kA m" 1 rms drive field. 


CONCLUSION 

Some of the important magnetomechanical properties 
are summarized in Table I for the two compositions of 
Terfenol-D. It is proposed that the performance of transducer 
devices that are driven at a few kHz would be enhanced 
by the use of Tb 0 70 Dy 0 70 Fe 2 when compared to 
Tbo 27 !^ y 0 . 73^2 > not on ly In terms of the magnetostriction 
attainable, but also from the point of view of eddy current 
losses. 
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Anisotropy in twinned terfenol-D crystals 

D. G. Lord and D. Harvey 
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United Kingdom 

The highly magnetostrictive cubic compound Terfenol-D (Tb 0 3 Dy 0 -jEzf) solidifies via a {211} 
dendritic growth front when grown by a free-standing zone technique. The resulting material is 
usually composed of dendritic plates often containing crystallographic twins, the predominant plate 
and twin plane being the (ill) orthogonal to the (211) growth plane. Results of room temperature 
magnetic torque analysis from (Oil) disk specimens, having differing twin densities, are presented 
which yield both the magnetic anisotropy constants, /£i=—1.6X10 5 J/m 3 and AT 2 =-0.16X10 5 
J/m 3 , and the relative parent/twin volume. Magnetic susceptibility data both parallel and transverse 
to the applied field are presented which, in conjunction with the anisotropy results, emphasize the 
importance of twin density on magnetoelastic response for typical application geometries. 


I. INTRODUCTION 

The cubic Laves phase ternary compound Tb 0 3 Dy 0 7 Fe 2 
(Terfenol-D) is of significant interest technologically for ac¬ 
tuator and transducer applications as it possesses a large 
magnetostriction to anisotropy latio near room temperature. 
Commercially available material, grown by a free-standing 
zone technique, solidifies via a {211} dendritic growth front 
producing samples composed of dendritic plates which often 
contain crystallographic twin boundaries, the predominant 
plate and twin boundary plane being the {111} orthogonal to 
the growth front plane. 1,2 Such material exhibits significant 
magnetoelastic strain, of the order of 1500 ppm in moderate 
applied fields around 100 kA/m, the development of which, 
with increasing field, is characterized by discontinuous 
changes in strain at particular fields. 3 

The magnetic anisotropy, determined by the material 
composition, is such that anisotropy compensation is 
achieved at about 280 K; 4 above this temperature, the easy 
directions for the magnetization are along the (111) axes. It is 
the anisotropy, influenced by the defect nature of the mate¬ 
rial, which in the main determines the form of the strain 
evolution whether this is by domain wall motion or magne¬ 
tization rotation. The presence of (111) twin boundaries leads 
to a complication in that not all the easy axes are continuous 
across either the twin or the dendrite boundaries. In order to 
gain a better understanding of the interaction of the magne¬ 
tization and the strain, this article reports room temperature 
measurements of the anisotropy in such twinned Terfenol-D 
samples which, along with susceptibility and transverse sus¬ 
ceptibility observations, demonstrate the importance of the 
parent/twin concentration on sample response. 

II. EXPERIMENT 

Samples used in this investigation were prepared in the 
form of 8-mm-diam rods by Edge Technologies Inc. by a 
free-standing zone technique using a zone rate of 38 cm/h 
Disk specimens for torque curve analysis, 3 mm in diameter 
and 1 mm thick, were produced by spark erosion with d ; ,k 
faces parallel to the (Oil) plane orthogonal to the (211) 
growth plane. Bar specimens used in measurements of the 
magnetic susceptibility, 50 mm in length and 5 mm by 5 mm 
in square cross section, were similarly produced with the 


long direction parallel to the growth axis and the faces mu¬ 
tually orthogonal and parallel to the (Oil) and (111) planes. 
All planar surfaces, aligned by x-ray back-reflection, were 
diamond polished to a 1/4 pm finish. 

Torque curves were obtained from anti-clockwise rota¬ 
tion of a 650 kA/m magnetic field in the plane of the (100) 
disks using a Penoyer-type torque magnetometer 5 in which 
the specimen torque was balanced by an opposing torque 
produced by a known current passing through a coil, at¬ 
tached to the specimen suspension, which was located in a 
field from a fixed permanent magnet. All data reported here 
were taken at a room temperature of 293 K. Differential 
magnetic susceptibility data were obtained by subjecting the 
bar specimens to a dc and superimposed ac magnetic field 
directed along the long bar axis. The ac field of 5 kA/m and 
frequency 82 Hz was constant, while the dc field was ramped 
at a rate of 2 kA/m/s. Two pairs of mutually orthogonal 
pick-up coils were placed around the specimen to detect the 
transverse magnetization changes in both the [111] and [Oil] 
directions and one coil, with an associated air-flux compen¬ 
sation coil, was placed to detect susceptibility parallel to the 
applied fields and the [211] direction. Signal; in-phase with 
the ac magnetic field were detected by a bck-in amplifier. 
All measurements reported were obtaintd at zero applied 
stress and at room temperature. 

III. RESULTS AND DISCUSSION 

The spatial dependence of the magnetocrystalline anisot 
ropy energy, E(K), can be expressed phenomenologically for 
a cubic crystal as 

E{K) = K 0 + K l {a\a*+ alal+ ala\) + K^ala^a]) 

' . ( 1 ) 

where K„ are the anisotropy constants and are the direc¬ 
tion cosines of the magnetization relative to the cubic axes of 
the crystal. The presence of both parent^) and twin(r) ori¬ 
ented material in the specimens is accounted for by assuming 
a relative fractional parent-to-twin volume, c, such that 
c=0.5 for equal p and t volume content. The magnetic an¬ 
isotropy energy and magnetization in both parent and twin 
are of necessity the same: only their relative crystallographic 
orientations differ. In Fig. 1 we show the anisotropy energy 
profiles for both twin and parent material superimposed on 
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FIG. 1. Polar plot of anisotropy energy superimposed on the stereographic 
projection of the (Oil) plane showing parent (p) and twin (t) directions for 
a (111) twinning plane (dotted and dashed lines represent parent and twin, 
respectively, and full line represents the energy of the combination of equal 
parent and twin volumes). 


the stereographic projection of the (Oil) plane of the disk 
specimen. The profiles are constructed from Eq. (1) using 
equal negative values of K x and K 2 and a K 0 value of half 
the radius of the projection. The easy (111) directions are 
clearly indicated by the larger radial values of the ptofile. 
Indicated on the figure are the parent and twin directions 
relative to the predominant (111) twinning plane. 1 ' 2,6 It can 
be seen from Fig. 1 that the parent and twin are related by a 
rotation of 70.54° about the surface normal of the (Oil) 
plane. The solid energy profile in this figure represents the 
effective anisotropy energy of the combination of the as¬ 
sumed equal p and t volumes constructed by expressing the 
energy of the twin in terms of its direction cosines relative to 
the parent cubic axes. It is this profile that will produce the 



■ 100 0 ’00 200 300 

Magnetization Angle 

FIG. 2. Expected torque curve from magnetization rotation in the (Oil) for 
(111> easy axis cubic crystal. Zero angle is for magnetization along the [100] 
direction 
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FIG. 3. Experimental torque curve from Terfcnol-D (Oil) disk Zero angle 
is for field (650 kA/m) along parent [100] direction 

resulting torque curve where the torque, corrected for mis¬ 
alignment of the field and the magnetization, is -dE(K)/dO, 
8 being the field angle with respect to the parent [100] direc¬ 
tion. 

The torque expected from an untwinned disk is shown in 
Fig. 2 and can be compared to an experimental curve from a 
(Oil) twinned sample shown in Fig. .3. Torque curves have 
been obtained from a number of samples, of differing twin 
density, and analyzed by a curve fitting procedure to yield 
both the relative twin density c and the anisotropy constants. 
The values found are = -(1.60+/-0.08)X10 5 Jm‘ 5 
and —(0.16+/—0.01)X 10 s J m~ 3 which compare favor¬ 
ably with previous data for /C, though not with the previous 
scattered data for K 2 ■ The values of c have been correlated 
with estimates of twin density from polarized optical micro¬ 
graphs of the disk surfaces, two examples of which are 



FIG. 4 Polarized optical micrographs from (011) Terfenol-D disks showing 
differences in twin (darker areas) density between disk (a) and disk (b). 
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FIG. 5. Differential magnetic susceptibility data measured parallel to (a) 
[211] growth direction, (b) [Oil], and (c) [111] where applied dc and ac 
fields are parallel to [211]. Sensitivity for (b) and (c) is approximately ten 
times greater than for (a). 

shown in Fig. 4, where the twins correspond to the lower 
reflectance areas and the straightness of the twin boundaries 
are clearly observed. Excellent agreement has been found for 
values of c between 0.3 as in Fig. 4(a) and 0. .5 (the more 
typical material) as in Fig. 4(b). 

Differential susceptibility and transverse susceptibility 
data in the mutually orthogonal [211], [Oil], and [111] di¬ 
rection from a bar specimen with an optically estimated 
parent/twin density of c=0.45 is shown in Fig. 5. For a 
specimen with c=0.50, it may be expected that the high 


symmetry of the anisotropy energy about the [211] bar axis, 
as seen in Fig. 1, would yield zero transverse magneti;nation 
as there would be equal populations distributed symmetri¬ 
cally with respect to the bar axis, even accounting for the 
anisotropic effect of the magnetostriction. 7 The small trans¬ 
verse susceptibility signals from the [Oil] and [111] are 
therefore due to the asymmetry in the anisotropy energy in¬ 
troduced by the inequality in parent and twin volumes. In¬ 
deed, the variations show excellent agreement both in field 
dependence and magnitude to the magnetostriction data ob¬ 
tained in these directions 3 and indicate that the magnetization 
distribution, as a function of applied field, is far from 
straightforward. 

IV. CONCLUSIONS 

The magnetic anisotropy constants in twinned 
Terfenol-D materials have been obtained from room tem¬ 
perature torque curve analysis from (Oil) plane disk speci¬ 
mens of varying twin content. Consideration of the anisot¬ 
ropy energy as a function of twin content clearly 
demonstrates the potential symmetry of currently available 
float-zone material for the case of equal parent/twin volumes. 
Where any inequality exists, the anisotropy, and hence mag¬ 
netoelastic strain, will be asymmetrically disposed to the 
growth direction. The only crystal direction in which behav¬ 
ior is symmetrical in twinned or umwinned material is the 
(111) normal to the predominant twin plane. To manufacture 
device material using such a geometry would yield large 
strains with exceptional strain coefficients as seen from the 
(111) data in Fig. 5. 
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Device oriented 'nagnetoelastic properties of 95 (x=0.27, 0.3) 

at elevated temperatures 

K. Prajapati, R. D. Greenough, and A. G. Jenner 

Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom 

In order to assess the potential of the highly magnetostrictive compound Terfenol-D (composition 
TMtyi-jFei.PSi where x=0.3 or 0.27) for device applications in the temperature range 20-300 °C, 
measurement of magnetostrictive strain (X.), differential strain coefficient (d 33 ), and 
magnetomechanical coupling coefficient (lc 33 ) have been made against applied dc field (=£120 
kA/m), uniaxial pressure (^20 MPa), and temperature. Comparing the two compositions at elevated 
temperatures has shown that large grain oriented material of the composition Tb 0 3 Dy 0 7 Fej 95 has 
higher strains and d coefficients at elevated temperatures than small grain oriented material of 
composition Tb 027 Dy 073 Fei. 9s , but for optimum coupling efficiency Tb 027 Dy 073 Fe 195 is preferable. 


I. INTRODUCTION 

The pseudobinary rare earth-iron compound Terfenol-D 1 
(TbjDyj-^Fej 95 , where x is typically 0.27 or 0.3) generates 
large magnetostrictive strains (-1500 ppm) which can be 
used in a variety of applications. For a particular composi¬ 
tion, the magnetomechanical properties depend on three 
principal factors: the applied field, temperature, and espe¬ 
cially in grain oriented material, the applied stress. 2 Although 
some measurements have been made at elevated 
temperatures, 3 previous work has concentrated mainly on the 
room temperature properties. However, operation at higher 
temperatures is desirable for some applications and the 
present work was conducted to provide a more comprehen¬ 
sive assessment of magnetomechanical performance to tem¬ 
peratures up to 300 ®C. 

The two main constraints on the range of temperature 
over which Terfenol-D can be used are (i) the magnetocrys¬ 
talline anisotropy, because at low temperatures the compet¬ 
ing anisotropies of the Tb and Dy ions causes the easy axis 
of magnetization to switch from the (111) to the (100) axes, 4 
and (ii) the exchange energy which decreases as the tempera¬ 
ture approaches the Curie temperature, T e , and causes the 
magnetostriction to decrease monotonically in accordance to 
single ion theory. 5 Within these constraints lies a useful 
range of temperature and the following results indicate how 
the performance of Terfenoi-D can be optimized in this 
range. 

The two compositions chosen for comparative purposes 
are x=0.30 (grain oriented, large grains), which is particu¬ 
larly susceptible to the application of applied uniaxial pre¬ 
stress along the [112] grain growth axis, 6 and x=0.21 (grain 
oriented, small grains), chosen to minimize magnetocrystal¬ 
line anisotropy at room temperature. 1 The grain structure in 
both compositions is typical of commercially available ma¬ 
terial. 

II. EXPERIMENTAL TECHNIQUES 

Commercial grade samples, prepared by a free float zone 
process, were in the form of rods 50 to 100 mm long and 6 
mm diameter, with the [112] growth direction along the rod 
axis. Magnetostrictive strain, X, measured with strain gauges, 
were measured in dc fields *£120 kA/m and with uniaxial 


stresses =£20 MPa applied along the [112] axis. The magne¬ 
tostrictive strain coefficient d 33 ( = d\/dH) were obtained by 
differentiating the static \-H curves. Coupling coefficients 
(k 33 ) were obtained from the magnetomechanical resonance. 
The measurements were undertaken in a noninductively 
wound furnace to obtain temperatures =£300 °C (±1 °C) 
with samples contained in an argon atmosphere. Approxi¬ 
mately 5% variation in measurements from sample to sample 
was expected and found. 

III. RESULTS AND DISCUSSION 

Data have been collected for X, d 33 , and k 33 as functions 
of applied field, stress, and temperature. For each magneto¬ 
striction isothermal in Figs. 1 and 2, the uniaxial pressure 
and applied field have been chosen to yield the maximum d 
coefficient. At room temperature for x=0.3, after a sharp 
increase in strain at low fields (known as the “burst 
effect” 4 ), at 120 kA/m the strain is almost doubled. The 
isofield contours decrease slowly with temperature at low 



FIG. 1. Strain profile at optimum pressure bias conditions for maximum d i} 
as a function of temperature and internal magnetic field for x=0 30 compo¬ 
sition. 
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FIG. 2. Strain profile at optimum pressure bias conditions for maximum dn 
as a function of temperature and internal magnetic field for x=0,27 compo¬ 
sition. 



FIG. 4. Variation in optimum d i} with pressure and temperature for 
jc=0.27. 


fields (<30 kA/m) but the decrease in the 120 kA/m contour 
in this sample is clearly not monotonic. Although magnetic 
saturation has not been achieved, it is expected that these 
strains should decrease with temperature approximately as 
m 3 [where m is the reduced magnetization (M T /M 0 )]. 5 The 
maximum at ~140 °C interrupts this pattern and is evident in 
fields as low as 30 kA/m. For practical applications this ef¬ 
fect at 140 °C is an added bonus because unexpectedly larger 
strains can be generated. For the sample with *=0.27 the 
decrease in isofield strains with temperature are almost 
monotonic for any field strength. The different behaviors of 
the jc= 0.3 and 0.27 samples is explained by the competing 


anisotropies of the Tb and Dy ions. For *=0.3 the anisotropy 
minimum is at T= -10 °C with maximum strains at 25 °C; 
and for *=0.27, the minimum in anisotropy occurs at ap¬ 
proximately T =20 °C, with the maximum strain at ~60 °C 
(comparable with findings by Clark et al. 3 ). 

Along each isothermal contour for d n (Figs. 3 and 4) 
fields have been applied to give the largest d coefficient for 
each applied pressure. For *=0.3 in the range 
20ssr«200°C, an enhanced d coefficient is present at low 
pressures due to the combined effects of applied stress and 
grain orientation. 4 The level of stress becomes less critical 
for 7>200 °C, where the small magnetocrystalline 
anisotropy 5 renders the applied stress less effective in regu- 




FIG. 3. Variation in optimum d }3 with oressure and temperature for 
*=0.30 


FIG. 5. dc bias fields required to obtain maximum <f 33 and as a function 
of temperature for *=0.27 and 0.30. 
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FIG. 6. Surface plot showing the variation in optimum k }i w'th pressure FIG. 7. Surface plot showing the variation in optimum k }} with pressure 
and temperature for *=0.30. and temperature for *=0.27. 


lating the magnetization processes. This is the case for 
*=0.27 at most temperatures until an imbalance between the 
Tb and Dy anisotropies emerges at low temperatures 
(r=s40 °C). Due to the magnetocrystalline anisotropy, undu¬ 
lations occur in the d 33 surface for *=0.30, whereas this 
surface for *=0.27 is comparatively smooth. The oscillation 
on the room temperature isothermal for *=0.30 have been 
observed in other samples with the same composition and are 
reported elsewhere . 7 From the application point of view there 
is a clear advantage in employing Terfenol-D with *=0.30 
for 7^100 °C. Provided pressure loading is kept in the range 
2-10 MPa. Larger fields are required compared with *=0.27 
(Fig. 5) and some control will be needed to maintain them in 
the range 10-17 kA/m. 

The surfaces representing optimum magnetomechanical 
coupling as a function of temperature and pressure are very 
irregular for both compositions (Figs. 6 and 7). This is not 
surprising because k 33 depends on d coefficient, pcuneabil- 
ity, and elastic compliance . 2 At elevated temperatures 
(r~300 °C), for *=0.30, k 33 is very strongly dependent on 
pressure. It decreases from ~0.5 to ~0.35 between zero and 
7 MPa, representing a reduction in transducer efficiency 
from 25% to 12%. For *=0.27 the lowest observed value for 
k 33 , regardless of pressure or temperature is —0.45. It is 
concluded that pressure dependent effects on k 33 in large 
grain oriented material are a disadvantage and small grain 
oriented material (*=0.27) is preferable. 


IV. CONCLUSIONS 

For practical applications the present results show that 
large grain oriented material with the composition 
T t , 0 . 3 D yo. 7 Fe i. 9 j produces better strain and d coefficients at 
elevated temperatures provided the applied field is con¬ 
trolled. For optimum coupling efficiency at elevated tem¬ 
peratures, the small grain oriented material with composition 
Tbo. 27 Dyo. 73 Fe 1.95 is preferable. 
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Influence of hydrogen on the magnetic properties of Terfenol-D 

L. Ruiz de Angulo, J. S. Abell, and I. R. Harris 

School of Metallurgy and Materials, University of Birmingham, Birmingham, United Kingdom 

The reactions with hydrogen of the C15-type Laves phase Tb 0 27 Dy 0 7 Fe 2 have been studied by 
differential thermal analysis and the influence of this hydrogenation upon the magnetic properties 
was observed with a Curie-Faraday balance and a vibrating sample magnetometer. It has been 
found that a slightly rare earth rich composition allows the hydrogenation to take place at room 
temperature. Two endothermic peaks observed on heating under 1.2 bar of hydrogen are attributed 
to hydrogen desorption, due possibly to the form of the pressure isotherms. At a pressure of 1.2 bar, 
the amorphization and disproportionation peaks are combined as a single peak, but a higher 
pressures these two phenomena separate into two peaks. After the first absorption/desorption cycle, 
the hydrogenation occurs at temperatures as low as -75 °C, and is highly exothermic and very rapid 
in nature. The magnetic susceptibility of the compound suffers a dramatic drop when it is hydrided, 
and the magnetization at 1100 kA m -1 falls from 77.5 J T -1 kg -1 to 9.2 J T -1 kg -1 . When heated 
in hydrogen, a peak in susceptibility was observed at about the same temperatures as those of the 
amorphization/disproportionation reactions. The Curie point of the amorphous hydrided material 
was found to be around 68 °C, with a magnetization at room temperature and 1100 kA m -1 of 46 
J T -1 kg -1 . The fully disproportionated material had a magnetization of 82 J T” kg -1 at 1100 
kA m" 1 , which was related to the proportion of a-Fe formed during the disproportionation reaction. 


I. INTRODUCTION 

The RTM- (R=rare earth, TM=transition metal) type 
Laves phase compounds have been studied in the last few 
years for their interesting magnetic properties and hydrogen- 
absorption capacity, see, for example, Refs. 1-2. Upon hy¬ 
drogenation, these compounds exhibit substantial changes in 
their magnetic properties. In addition, the pseudobinary 
Terfenol-D (Tb 0 27 Dy 0 73 Fe 2 ) has outstanding magnetorestric- 
tive properties combining a low crystalline anisotropy with a 
huge magnetorestriction at room temperature . 3 In the light of 
these studies, it is therefore interesting to investigate the hy¬ 
drogenation behavior of this compound. 

II. EXPERIMENT 

The material used in the present work was 
Tbo. 27 Dyo. 73 Fe ,,93 (RFe 193 ). Lumps (a single coarse particle 
of r =200 mg) were introduced to a specially constructed dif¬ 
ferential thermal analyzer (DTA) with a hydrogen atmo¬ 
sphere (HDTA), and were subjected to different pressures 
with a heating rate of 3 °C per min. The material obtained 
was used for measurements on a vibrating sampler magne¬ 
tometer (VSM), and for x-ray diffractometry using Co K a 
and Cu K a radiation. Curie-Faraday balance measurements 
were performed by hydrogenating freshly cut lumps of 
around 30 mg, in situ. In this case, a hydrogen pressure of 1 
bar was employed. 

A. Hydrogen absorption 

HDTA was performed in order to investigate the influ¬ 
ence of the rare earth grain boundary phase on the hydroge¬ 
nation process. It was found that, when the material was 
single phase and in lump form, the hydrogenation process 
took place at about 280 °C, and at about 120 °C when in the 
form of crushed powder. However, the compound RFe 193 
(3.5 at. % of free rare earth) reacts very rapidly at tempera¬ 
tures close to room temperature, even as a lump. Figure 1 


shows the HDTA trace of lumps of RFe, 93 heated in a hy¬ 
drogen atmosphere at 1.2, 3, and 5 bar initial pressure. 

Three exothermic peaks and two endothermic peaks 
were seen in the trace, corresponding to the run at 1.2 bar of 
H 2 . At higher pressures four, exothermic peaks, but only one 
endothermic peak, were observed. X-ray diffraction exami¬ 
nation of the material was carried out after each peak of the 
1.2 bar run. After the first exothermic peak, the material had 
an expanded cubic structure, indicating hydrogen absorption 
in the crystalline state. The x-ray diffraction (XRD) patterns 
of the samples hydrogenated after each endothermic peak 
showed different rhombohedral structures. On hydrogenation 
at 400 °C, very broad x-ray peaks corresponding to RH 2 and 
a-Fe could be seen. At temperatures above 500 °C, much 
sharper peaks, corresponding to RH 2 and a-Fe were ob¬ 
served. When heated under 5 bar to 300 °C, no x-ray peaks, 
but a broad maximum, can be observed, thus indicating 



FIG. 1. HDTA traces of Tb 027 Dy 0 7 3 Fe 19 3 (RFe 19 ,) at different pressures. 
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amorphous material. Finally, the diffraction pattern of the 
sample heated under 5 bar to 400 °C is very similar to the 
one heated to the same temperature at 1.2 bar. The endother¬ 
mic peaks move to higher temperatures with increasing pres¬ 
sure, and this could indicate that they are related to the form 
of the pressure isotherms rather than to any change in the 
structure or state. This data are consistent with the work of 
others researchers. 2,4 

These results indicate that, below 280 °C in this range of 
pressures, Terfenol-D absorbs hydrogen while maintaining a 
crystalline structure. The second exothermic peak observed 
at 1.2 bar can be ascribed to the combination of the hydrogen 
induced amorphization and the disproportionation reaction. 
These two reactions separate at higher pressures due to a 
lowering of the amorphization temperature. This lowering of 
the amorphization temperature with pressure has already 
been reported in other Laves phases such as TbFe 2 (Ref. 5) 
and GdFe 2 6 

It was observed that, when cycles of absorption/ 
desorption were performed, the initial hydrogenation reac¬ 
tion would take place immediately at room temperature. To 
investigate if this could be done at lower temperatures, a 
lump of RFej 93 was hydrided, and then desorbed by heating 
under vacuum to 350 °C and then cooled. At room tempera¬ 
ture, 5 bar of argon was introduced, and the sample chamber 
was cooled with liquid nitrogen. When the temperature was 
-125 °C, the argon was replaced by 1.2 bar of H 2 . At around 
-75 °C, a sharp and strong exothermic peak (AT=52°C) 
was observed. From this point and apart from the hydrogen 
absorption peak at 40 °C, the trace was the same as that for 
1.2 bar H 2 shown in Fig. 1. One possible contribution to the 
low hydrogenation temperature is the very clean surface ob¬ 
tained in this material after hydrogen decrepitation. This be¬ 
havior also indicates very rapid hydrogen diffusion in this 
system. 


B. VSM measurements 

Figure 2 shows the magnetization obtained for RFe 193 
material heated in hydrogen at 1.2 bar to different tempera¬ 
tures. It can be seen that the cubic hydride is still unsaturated 
at 1100 kA/m, giving a magnetization of 9.2 J T" 1 kg -1 . The 
rhombohedral hydrides (70 °C and 160 °C) exhibit a behav¬ 
ior close to paramagnetism. These observations agree with 
work by Annapoomi et al. 2 

The sample heated to 400 °C is easier to magnetize, and 
a magnetization at 1100 kA/m of 50 J T _1 kg -1 was ob¬ 
tained. From the experiments on the HDTA, this value 
should correspond to a mixture of amorphous plus very 
finely disproportionated material. To measure the real value 
of the amorphous material, one sample was heated under 5 
bar of hydrogen up to 300 °C and then quenched. The XRD 
studies confirmed the amorphous state of the material. The 
amorphous material was found to be easy to magnetize, and 
a magnetization at 1100 kA/m of 46 J T _1 kg -1 was ob¬ 
tained. The sample heated to 500 °C at 1.2 bar had a magne¬ 
tization of 82 J T _1 kg -1 at 1100 kA/m. This value is close to 
the theoretical value of 86 J T” 1 kg -1 expected for a fully 
disproportionated matei." 1 consisting of a-Fe and RH 2 . 
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FIG. 2. Magnetization of RFe| M samples heated in 1.2 bar H 2 to different 
temperatures and in 5 bar H, to 300 °C (amorphous). 

C. Curie-Faraday balance experiments 

The results of the Curie-Faraday balance experiment are 
shown in Fig. 3. Upon hydrogenation, there is a sudden drop 
in magnetic susceptibility, which is consistent with the VSM 
measurements. Between 350 and 520 °C, the susceptibility 
increases as the hydrogenated material starts to dispropor¬ 
tionate, with the formation of a-Fe. On cooling, the suscep¬ 
tibility increases steadily, as would be expected from the 
presence of free iron. 

After the initial drop at 57 °C, the susceptibility de¬ 
creases slowly with the temperature up to around 180 °C, 
after which the temperature exhibits an increase. Another 
interesting feature is the peak between 260 and 350 °C, 
which is approximately the temperature range where 
the HDTA displays the combined amorphization/ 
disproportionation peak. The increase in magnetic suscepti- 
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FIG. 3. Curie-Faraday balance trace of RFe, 93 heated under 1 bar of hy¬ 
drogen. 
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FIG. 4. Curie-Faraday balance trace of hydrogen induced amorphized 
RFe, 9 j heated under vacuum. 

bility from 180 to 300 °C could be related to the loss of 
hydrogen prior to amorphization, as suggested by Manwar- 
ing et al? What is not understood at this stage is the reason 
for the decrease in susceptibility from 300 to 350 °C. 

Finally, 39.8 mg of RFe! 93 were hydrogenated in the 
Curie-Faraday balance, heated to 380 °C, and then cooled. 
After this treatment, the resulting material should be mainly 
amorphous. After evacuating the chamber, the sample was 
heated under v.-cuum. The resultant trace is shown in Fig. 4. 
On heating, it can be seen that the Curie point for the amor¬ 
phous Terfenol-D hydride, under these conditions, is around 
68 °C (in this work the Curie point was defined as the inter¬ 
section of tk tangents of the two different parts of the 


curve). On cooling, another Curie point can be observed at 
around 370 °C. These results show that, when heated under 
vacuum, the hydrogen amorphized Terfenol reverts to its 
original crystalline structure. 

D. Conclusions 

The pseudobinary Laves phase, Terfenol-D, exhibits in¬ 
teresting and complex reactions with hydrogen. The initial 
hydrogenation can take place at a very low temperature un¬ 
der low hydrogen pressure. As is the case with other RTM 2 
compounds, it is possible to induce amorphization with the 
introduction of hydrogen in the structure. The transformation 
of the rhombohedral hydride structure to the amorphous state 
is accompanied by a recovery of magnetization at room tem¬ 
perature. This amorphous material has a Curie point close to 
70 °C. 
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Control of Terfenol-D under load 
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A vibration control case study is described which demonstrates the application of magnetostrictive 
(Terfenol-D) actuators. The magnetomechanical properties of the material suggests that when 
incorporated in devices for applications a nonlinear response will result. This case study compares 
the performance of two kinds of control strategy (both discrete), a conventional proportional and 
integral (Pi) algorithm and a variable structure algorithm (DVSC) in both servo and cancellation/ 
regulation roles. Both strategies were implemented on an INMOS 7 transputer based microcontroller 
with a sampling period of 300 pts. The results presented show that the control behavior of the DVSC 
strategy offers significant advantages over the PI strategy when controlling actuators with nonlinear 
characteristics, i.e., the rejection of a 5 Hz disturbance with a gain of -36 dB compared to a gain 
of -15 dB when using the PI strategy. 


I. INTRODUCTION 

The exceptional magnetomechanical properties of the 
rare earth compounds generically known as Terfenol-D, have 
been shown to offer a great potential for a variety of trans¬ 
ducer and actuator applications. 1,2 This potential is now be¬ 
ing realized with the development of linear and rotary actua¬ 
tors but such devices usually require advanced 
instrumentation to implement servo controlled loops, for ex¬ 
ample, linear micropositioning or active vibration control. 3 

Actuator/transducer performance is sensitive to operat¬ 
ing conditions and requires device designs to take into ac¬ 
count the specification and working conditions that are 
unique to each application. This sensitivity is due to the non¬ 
linear response of Terfenol-D. 4 To achieve control over op¬ 
erating performance, strategies are employed that cater to 
both the nonlinear magnetomechanical material properties 
and the responses from the associated mechanical compo¬ 
nents. At best, the overall system response can be considered 
linear with a gain that varies with the operating point. 3 

Here, servo actuators that achieve predescribed displace¬ 
ment wave forms (i.e., triangle, sine or step) are described. 
These form the basis of an active vibration control (AVC) 
system in which two types of control algorithms (both dis¬ 
crete) are incorporated, a conventional proportional and in¬ 
tegral (PI) type and a variable structure control (DVSC) type. 
A vibration control case study is presented to compare these 
two types of control algorithms. 


II. EXPERIMENTAL TECHNIQUES 

In order to demonstrate the potential of Terfenol-D in 
servo actuators and in active vibration control (AVC), 
Terfenol-D based actuators were constructed and two of 
these incorporated in a system arranged in the form of one 
table carried by another (Fig. 1). These actuators have 
built-in adjustable prestress to place the material on the op¬ 
timum gain magnetostriction curve, permanent magnets to 
bias the material in the middle of the approximately linear 


region of the strain (X.)-field (H) curve, a drive coil to imple¬ 
ment actuation signal, and a complete magnetic circuit to 
reduce flux loss. 3 

The actuators in the system can be used as individual 
units to implement servo tests or together with the lower 
actuator causing a disturbance of the level two table for an¬ 
tivibration (AV) tests. The aim of the AV control is to mini¬ 
mize the impact of any disturbance on the level one table 
using only the measurement of the position via linear vari¬ 
able displacement transducers (LVDTs), type GTX2500 
(RDP, Ltd., Wolverhampton, UK) of the two tables to create 
a drive signal for the top actuator. Two control algorithm 
types, a conventional proportional and integral (PI) type, and 
a variable structure control (DVSC) type, both discrete, were 
implemented on a INMOS 5 transputer based microcontroller 
with a sampling period of 300 ytts. 4 

III. RESULTS AND DISCUSSION 

The overall response of the level one table/antivibration 
actuator system must be linear and of appropriate speed and 
character in order to cancel the vibration of the level two 
table. This must be achieved in spite of the nonlinear behav¬ 
ior of the Terfenol-D material. The presence of sensor two 


LEVEL I [ 


ANTI-VIBRATION ACTUATOR- 


LEVEL 2 [ 


SENSOR I 


Drive Siqnql I 


CONTROLLER 


SENSOR 2 


VIBRATION ACTUATOR 


Drive signal 2 


FIG. 1. Schematic of vibration experiment consisting of a vibration table in 
the form of one table carried by anotner. 
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Number of Samples 

FIG. 2. Displacement of level one table position under DVSC (—) and PI 
(■■•) contiol in response to a triangular demand signal (—). 


offers the possibility of using feed-forward control strategies 
to reduce the effects of the disturbance on the level one table. 

To test the actuators and the control algorithms servo 
experiments were implemented with the use of predeter¬ 
mined demand displacement wave forms. The response of 
level one actuator to both triangular and step demand (fre¬ 
quency 10 Hz) signals supplied to the DVSC and PI control¬ 
lers is shown in Figs. 2 and 3. No drive is supplied to the 
vibration actuator (level 2) in these experiments. It can be 
seen that the DVSC algorithm shows a superior signal fol¬ 
lowing property particularly when using a step demand, it 
has the ability to suppress the excitation of unwanted me¬ 
chanical resonances whilst responding to the demand in a 
desired way. 

Variable structure control (VSC) is a modern nonlinear 
switching control technique 6 which can be described, for a 
second order process, as a means of constraining the dy¬ 
namic behavior to that of a desired first order process re¬ 
sponse using switched feedback control, i.e., switching be¬ 
tween positive and negative feedback. In the implementation 
of this control approach, the feedback gains which are 
switched are typically much larger than those used in PI 
control. Thus, there is an equivalent increase in control sys- 



Number of Samples 

FIG. 4. Table displacements in response to a 5 Hz vibration actuation drive 
signal. Level one table displacement (—), level two (•■•), and “canceled” 
level one displacement under DVSC control as reference (-). 


tern immunity to process gain and behavior variations such 
as those caused by Terfenol-D. Here, the approach used to 
control the level one actuator was to use a computer based 
form of VSC with a discrete form of the switching line. 7 In a 
practical device such as the level one actuator, additional 
compensation dynamics it tst be used to ensure good perfor¬ 
mance, such as the incorporation of integral action to prevent 
steady state errors which may cause the DVSC to act inap¬ 
propriately. If in certain situations the dynamics of the device 
are suspected to be higher than second order, then lead com¬ 
pensation in the form of discrete zeros must be incorporated 
into the feedback signal path. This prevents higher order 
resonances from being excited by the DVSC control. 

The response of the level one and level two table to a 5 
Hz drive signal applied to the vibration actuator when the 
DVSC controller is used to drive the antivibration actuator is 
shown in Fig. 4. The difference between using either PI or 
DVSC control to drive the antivibration actuator in cancella¬ 
tion is highlighted in Fig. 5, using the same input drive levels 
shown in Fig. 4, with the resulting amplitude reduction for 
each type (from spectrum analysis at 5 Hz) as -15 and -36 
dB for the PI and DVSC algorithms, respectively. 
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FIG. 3 Displacement of level one table position under DVSC (—) and PI 
(■••) control in response to a step demand signal (—). 



FIG. 5. Relative “canceled” level one table displacements under DVSC 
(—) and PI ( • ) control showing leduccd effects of a 5 Hz vibration actuator 
drive signal using the same drive levels as shown in Fig. 4. 
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IV. CONCLUSION 
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Pressure dependencies of magnetostrictive strain and d coefficient 
in Terfenol-D after thermal or magnetic annealing 

N. Galloway, a) R. D. Greenough, A. G. I. Jenner, and M. P. Schulze 

Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom 

The pressure dependence of the magnetostrictive strain coefficient, d 33 , and maximum strains in 
applied fields of 120 kA m -1 have been measured in samples of Terfenol-D before and after thermal 
or magnetic annealing. Application of an annealing field, H a , parallel to the (111) axes which are 
normal to grains oriented along the [112] axis, leads to an increase in d 33 of as much as 81%, with 
applied uniaxial prestresses as low as 3 MPa. The variation of optimum d 33 values as a function of 
stress applied along the [112] axis shows anomalous oscillations after magnetic annealing. The 
thermal and magnetic effects of the annealing procedures are discussed and a mechanism to explain 
magnetic annealing is proposed. 


INTRODUCTION 

Investigations have been made previously into the ef¬ 
fects of thermal 1 and magnetic 2,3 annealing on the magneto¬ 
strictive properties of Terfenol-D. Of these, the most com¬ 
prehensive study was made by Verhoeven on grain oriented 
samples with the annealing fields applied parallel to the (111) 
axes which are perpendicular to the [112] grain growth di¬ 
rection. After heat treatment followed by magnetic anneal¬ 
ing, one particular sample (Tb 031g Dy 06g2 Fe 196 3 ) subse¬ 
quently produced an increase in the maximum anisotropic 
magnetostrictive strain, \ max , measured in an applied field of 
3 kOe and, more striking, an unusually large magnetostric¬ 
tive strain coefficient, d 33 (=dk/dH ) in the absence of any 
applied uniaxial stress. The application of a prestress is usu¬ 
ally considered essential to generate such a response in 
samples which have not been subjected to magnetic anneal. 4 
As part of the same investigation, other samples still required 
~1.7 MPa to obtain enhanced levels of \ max and d 33 , even 
after magnetic annealing. 

The response to a magnetic field anneal depends on the 
conditions of the samples prior to the anneal. Grain orienta¬ 
tion is clearly essential and while the rare earth (RE)-iron 
ratio regulates the magnetoelastic coupling, the Tb:Dy ratio 
controls the magnetocrystalline anisotropy. The conse¬ 
quences of these two compositional factors are not unrelated; 
the application of a uniaxial prestress induces additional an¬ 
isotropy via the magnetoelastic coupling which, by virtue of 
the sign of the magnetostriction, causes magnetic moments 
to rotate away from the stress axis. The purpose of the 
present work is to investigate the effects of thermal anneal¬ 
ing which can induce compositional changes and magnetic 
annealing which induces magnetic anisotropy. Of particular 
interest are the resultant magnetostrictive properties gauged 
by the pressure dependencies of \ max and d 33 . While provid¬ 
ing some insight into the magnetization processes which 
generate the magnetostriction, the results are of potential 
value for practical applications. 

EXPERIMENTAL TECHNIQUES 

A furnace capable of reaching — 1000°C was situated 
between the 8 in. diameter poles of an electromagnet to gen- 


ll DRA, Holton Heath, Poole, Dorset, UK. 


erate annealing fields, H a , ~1000 kAnT 1 . The sample en¬ 
closure was evacuated and repeatedly flushed with argon, 
before filling to a pressure of —1/2 atm. Samples were 
wrapped in tantalum foil to minimize oxidation. Cooling 
rates of —25 °C/min were used. 

Commercial grade samples of material were prepared by 
a free float zone process, —140 mm long and —6 mm diam¬ 
eter, grain orientated with the [112] axes parallel to the rod 
axis. Polishing and etching were used to reveal grain struc¬ 
ture at each end for the purposes of orientation. Gross mis- 
orientation of grains along the lengths of the samples were 
detectable with a nondestructive scanning technique. 5 The 
nominal compositions of each sample provided by the manu¬ 
facturers are given in Table I, together with their individual 
heat treatments and magnetic annealing conditions. Sample 
“C” was cut into four equal lengths C1,...,C4. Prior to treat¬ 
ment, these four sections did not display any significant dif¬ 
ferences in magnetostrictive behavior. 

Room temperature magnetostrictive strains in DC fields 
(ssl20 kA in -1 ) were measured using strain gauges with 
fields, applied uniaxial stresses, and strain measurement di¬ 
rections along the [112] direction of the oriented grains. Data 
were differentiated numerically to obtain values for the d 
coefficients. 


TABLE I. Sample compositions with annealing conditions and annealing 
procedures. 


Sample 

Composition 

Measurement stages 

A 

Tb 03 Dy 07 Fe, 9; 

(i) As received 

(ii) Thermal anneal 950 °C 7 h 
Magnetic anneal //J[lll] 

B 

TbowDyotsFe; 95 

(in) Thermal anneal 950 °C 7 h 
Thermal anneal f/J[110] 

As for sample A 

C 

Cl 


(i) Magnetic anneal 950 °C 

C2 

Tbo32Dy 0 68 Fe 19 5 

8h//J[lli] 

(it) Thermal anneal 950 °C 

C3 


8 h 

(tit) As received 

C4 


(iv) As for sample Cl 
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Pressure [MPa) 


FIG. 1. Sample A: pressure dependence of the maximum strains at 120 
kA m~‘ for material composition TbojDy^Fe,^ as received (•), magneti¬ 
cally annealed with applied parallel to the [110] axis (O) and [lli] axis 
(♦)■ 

RESULTS 

For sample A, the maximum strains at 120 kA m -1 and 
maximum d coefficients as functions of pressure in “as re¬ 
ceived” material are compared with results after the sample 
was magnetically annealed twice, once with H a applied ap¬ 
proximately parallel to the [111] direction and then along the 
[110] direction (Figs. 1 and 2). Both annealing directions 
improve X max slightly at low pressures but the response of 
d 33 to magnetic annealing is more pronounced than X max . An 
exceptionally large d 33 ~260 nm A -1 is observed with a pre¬ 
stress of 10 MPa when annealed with H a along the [111] 
axis. Sample B, having the same history of treatment as 
sample A, exhibits the same kind of response, viz., a small 
increase in X max at low pressures after magnetic anneal, re¬ 
gardless of the direction of H a . The change in d -coefficient 
response is far greater, with </ 33 ~190 nm A -1 at ~3 MPa 
(Fig. 3) but in this sample an oscillatory variation of d 33 with 
pressure is very strong after applying H a along the [111] 
axis. Similar oscillations can be seen in the results from 
sample A, but much weaker. 

Sample Cl and C2 received identical heat treatments ex¬ 
cept the i -mealing field was not applied to C2. The purpose 



Pressure (MPa) 

FIG. 2. Sample A: pressure dependence of the d coefficient for as received 
(•). magnetically annealed with //„ applied parallel to the [110] axis 'O) 
and [111] axis (♦). 



FIG. 3. Sample B: pressure dependence of the d coefficient for as received 
(□), magnetically annealed with H a applied parallel to the [110] axis (A) 
and [111] axis (•). 

of this procedure was to identify how much of the subse¬ 
quent magnetostrictive response was due to the application 
of H a rather than thermally induced compositional changes. 
The effects of the magnetic anneal over and above the ther¬ 
mal effects are clear. Heat treatment alone (Fig. 4) moves the 
peak in the d 33 to a lower pressure (~8 MPa) but the mag¬ 
nitude is not increased; magnetic annealing doubles the 
maximum d coefficient and reduces the required prestress 
from 14 to 3 MPa. Sample C4 shows an almost identical 
change in behavior to sample Cl (Fig. 5). 

DISCUSSION 

It is observed that magnetic annealing has a more 
marked effect on the pressure dependent behavior of d 33 
than on X max . A reduction in uniaxial prestresses to achieve 
maximum d 33 indicates that magnetic annealing introduces 
extra anisotropy which assists in the preferential distribution 
of moments along the [111] axis prior to the application of a 
magnetizing field. 6 Magnetization then proceeds by the ma- 



Pressure [MPa] 

FIG. 4. d }i vs pressure for the composition Tb u3: Dy 06g Fe, 95 thermally 
annealed sample C2 (0) or magnetically annealed sample Cl (♦), com¬ 
pared with the “as received” pcrfotmances for Cl (•) and C2 (O). 
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Pressure [MPa] 

FIG. 5 d 33 vs pressure for the composition Tbo^Dyo^Fc, 9J magnetically 
anneale.! samples Cl (♦) and C4 (0) compared with performances prior to 
annealing, Cl (•) and C4 (O). 


jority of moments rotating away from the [111] direction 
towards the [112] axis and the corresponding magnetostric- 
tive response, as gauged by the magnitude of d 33 , is maxi¬ 
mized. The maximum strain X max depends on the final state 
of magnetization rather than the processes through which it 
is achieved. Hence the magnitude of X max , as expected, is 
virtually independent of anisotropy induced by magnetic an¬ 
nealing (Table II). 

In addition to the initial distribution of moments 
amongst the (111) axes, the subsequent magnetization pro¬ 
cesses which determine the magnitude of d 33 are also influ¬ 
enced by the shapes of the anisotropy surfaces. 7 The com¬ 
bined effects of three anisotropies, mangetocrystalline and 
induced anisotropies from the application of stress or mag¬ 
netic annealing, will regulate the surface shape. When 
uniaxial pressure is applied the balance of the three energy 
components is perturbed and the surface modified. It is con¬ 
sidered that the oscillations in d 33 as a function of pressure 
in samples A and B after magnetic annealing originate not 


TABLE II. Increases in tlie d coefficient W 33 ) and maximum strains at 120 
kA m~’ (\ ra „) observed in each sample and maximum d coefficients mea¬ 
sured with optimum applied stress (or) and field ill) 


Sample 

dy j (%) 

(%) 

max. d n 
(rm A' 1 ) 

Opt. or 
(MPa) 

Opt. H 
(kA m“‘) 

A 

44 

17 

260 

9.5 

12 

B 

18 

~0 

190 

3.0 

15 

Cl 

81 

-0 

145 

30 

19 

C4 

73 

-0 

135 

1.5 

11 


only from the initial distribution of moments but from pres¬ 
sure induced periodic undulations in the energy surfaces. 

The effects of magnetic annealing could be of value for 
practical purposes (for example, to reduce the level of pre- 
stress required to gain maximum d coefficient) provided the 
response of any sample to post production processing can be 
predicted. In the present work, no correlation is evident be¬ 
tween the pre- and post-annealed d coefficients. However, 
the magnitude of the prestress required to achieve an opti¬ 
mum d coefficient is lower for material containing a higher 
Tb:Dy ratio (Table II). 

In the absence of an annealing field, changes occur at 
elevated temperatures causing, for instance, a reduction of 
the bias pressure for optimum d coefficient in sample C2. 
Compositional changes such as the diffusion of RE ions from 
the grain boundaries maximize interatopiic magnetoelastic 
coupling, 2 which enhances the pressure sensitivity. Only if 
the magnetoelastic coupling is strong enough will a sample 
of material be susceptible to magnetic annealing. Then, in 
cooling from T c to room temperature, the annealing field 
retains the moments along a particular (111) direction and 
the maximum macroscopic contraction will develop along 
the aligned [112] grain axes as the spontaneous magneto¬ 
striction develops. This lowers the free energy and after an¬ 
nealing is completed the contraction will then be retained, as 
observed in practice, until sufficient energy is supplied to 
redistribute the moments among all the (111) axes. In other 
words, magnetic annealing could be magnetostrictively 
driven. 

CONCLUSIONS 

The d coefficient is particularly responsive to magnetic 
annealing as seen in both its magnitude and the optimum 
pressure bias. The thermal element of a magnetic anneal pro¬ 
cess is important in controlling the composition, which maxi¬ 
mizes the magnetoelastic coupling. A spontaneous magneto- 
strictive deformation that accompanies magnetic annealing 
could be the origin of the extra anisotropy which subse¬ 
quently causes moments to align preferentially along the 
field anneal direction. 
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Effect of bias magnetic field on the magnetostrictive vibration 
of amorphous ribbons 
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Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 227 , Japan 

Electromagnetic waves generated from the magnetostrictive vibrations of amorphous ribbons under 
nonuniform bias fields were investigated. The sample ribbon 80 mm in length was placed on a 
plastic support board where both edges of the ribbon were free. In a uniform bias field generated by 
a Helmholtz coil, four resonance peaks of 27, 54, 81, and 107 kHz were detected. The nonuniform 
magnetic fields were generated by single-pole magnetic heads. Two single-pole magnetic heads with 
3 mm spacing between the ribbon were moved along the ribbon. When the heads were located at 10 
and 70 mm from an edge of the ribbon, the frequency of the detected response was 54 kHz, i.e., the 
detected response was the second resonance peak. The other resonance peaks (81, 107, and 129 
kHz) could also be separated by adjusting the positions of the heads. Therefore, the electromagnetic 
response of the magnetostrictive vibrations of amorphous ribbons could be controlled by applying 
appropriate nonuniform bias magnetic fields. From the results, it is suggested that a magnetoshiciive 
amorphous ribbon not only sends one bit data but also sends multiple bit data with the aid of bias 
magnetic fields. 


INTRODUCTION 

Some amorphous magnetic ribbons have large magneto¬ 
strictive coefficients and they have been applied to many 
devices. 1 When an ac magnetic field is applied to a magne¬ 
tostrictive ribbon with a uniform dc magnetic field, a me¬ 
chanical vibration is induced. Through the analysis of me¬ 
chanical resonance, the magnetomechanical coupling factor 
k of the material is determined. 2-8 The vibrations have many 
resonance points which depend on the sample’s shape and 
induce electromagnetic waves which can be detected by an 
antenna. It is expected that, through amorphous ribbons, we 
can send multiple bit data by separating the resonance mode. 

In this study, we observe the resonance peaks of amor¬ 
phous ribbons for uniform and nonuniform bias magnetic 
fields, to investigate the separation of the vibration modes. 

EXPERIMENT 

The schematic of the experimental setup is presented in 
Fig. 1. An exciting coil of 34 mm in diameter and 200 turns 
was placed 35 mm apart from the detecting coil. The signal 
from the sample was detected by a figure-eight coil, so as to 
eliminate the exciting signal. The measurement was made in 
the frequency range from 10 to 200 kHz. The exciting cur¬ 
rent was from 44 to 2 mA. The exciting coil generated ac 
magnetic fields of about 3.0 to 0.2 Oe rms, at the center of 
the coil. 

The figure-eight coil consists of two rectangles with a 
size of 80X25 mm 2 and 10 turns. The signal from the figure- 
eight coil was measured by a network/spectrum analyzer. 
The wave form and phase of the exciting voltage were moni¬ 
tored by an oscilloscope. 

A Metglas™ 2826MB (Fe 40 Ni 3 8 Mo 4 B 18 ) (Refs. 6 and 9) 
amorphous ribbon with size of 80X12 mm 2 and thickness of 
0.03 mm was used, as a sample. The sample ribbon was as 
cast and placed on a plastic support board. The sample rib¬ 


bon was not fixed and both edges were free. The position of 
the ribbon was adjusted so that an edge of the ribbon was 
located near the center of the figure-eight coil. In order to 
apply a uniform bias field to the sample ribbon, a Helmholtz 
coil was added. 

Figure 2 shows the schematic diagram fin generating 
nonuniform field patterns by using single-pole magnetic 
heads. The single-pole heads were made of soft steel plates 
50X15X0.3 mm 3 , and a copper wire of 0.2 mm was wound 
200 turns. The space between the single-pole heads and 
amorphous ribbon was 3 mm. The magnetic field from the 
single-pole head was 6 Oe at the surface of the amorphous 
ribbon. 



FIG. 1. Schematic diagram of experimental apparatus. 
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FIG. 2. Schematic diagram ' >r gcncrat ng nonuniform field patterns by us¬ 
ing single-pole magnetic heads. 



RESULTS AND DISCUSSION 

Figure 3 shows the power spectrum measured with a 
uniform magnetic field of J Oe. The frequencies of the peak 
points were 27, 54, 81, and 107 kHz, and correspond to the 
first, second, third, and fourth harmonics, respectively. The 
peak observed at 116 kHz was expected to be a resonance of 
the transverse mode. We use the relationship between the 
resonance frequency and the length of the media as 

fn = nv/(2l), (1) 

where /„ is the nth resonance frequency, / is the length of the 
media, and v is the velocity of sound. We calculate the reso¬ 
nance frequencies from the first to the fourth as 27, 54, 81, 
and 107 kHz by using Eq. (1) and v =4320 m/s. 

In other amorphous ribbons, Metglas 2605SC 
(Fe 81 B 13 5 Si 3 . 5 C 2 ), 10 2605S-2 (Fe 78 Si 9 B 13 ), 10 and 2605CO 
(Fe^CoisB^Sit), 11 the power spectra did not generate sharp 
peaks provided the sample ribbons were as cast. 

Figure 4 shows the power spectrum with a uniform mag¬ 
netic field of 4 Oe, where the two positions of 20 and 60 mm 
from an edge of the ribbon were fixed to the support board 
by using a pair of thin plastic plates (0.2 mm thick). Only 
one peak of 54 kHz was detected in this case. Considering 
Eq. (1) and the result of Fig. 4, this peak is expected to be the 
second harmonic resonance, and the fixing positions corre¬ 
spond to the nodes for the vibration. Therefore, other har¬ 
monic modes were suppressed. 

Figure 5 shows the separation of the resonance peaks 
using nonuniform magnetic fields. The power spectrum with¬ 
out peaks, shown as A in the figure was obtained when no 



FIG 3 Power spectrum of magnetostrictive vibrations with a uniform mag¬ 
netic field. 


FIG. 4. Power spectrum with a uniform magnetic field for a confined amor¬ 
phous ribbon. TWo positions of the ribbon were fixed to the support board by 
using a pair of thin plastic plates. 


uniform field nor nonuniform field were apolied. The follow¬ 
ing tesults were obtained with nonuniform magnetic fields. 
Curves B-F were obtained by using a pair of single-pole 
magnetic heads. The spaces between the heads are shown in 
the figure. The distances from the edges of the ribbon to the 
heads are equal for both ends. The frequencies of the highest 
peaks for the head distances and polarities were 54, 81, 107, 
and 129 kHz for 60, 30, 40, and 54 mm, respectively. Curves 
B and D were obtained with magnetic heads having different 
polarities. The peaks in curves B, C, and D correspond to the 



FIG. 5. Separation of resonance peaks, A: without magnetic field, B-E: 
nonuniform magnetic fields are applied with magnetic heads. Magnetic 
polarities of the heads are indicated by black and white. 
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second, third, and fourth resonance peaks in Fig. 3. The peak 
in curve E is not observed in Fig. 3, however, we estimate 
the fifth harmonic frequency as 135 kHz using Eq. (1). 
Therefore the peak can be assigned to the fifth resonance. It 
is noted that the intensities of the highest peaks are almost 
equal, compared with Fig. 3. 

The power spectra that we obtain by the measurements 
relate to the magnetomechanical coupling factor k of the 
material. It is expected that more than six resonance peaks 
may be detected when the magnetomechanical coupling fac¬ 
tor of sample ribbons is increased. 

CONCLUSIONS 

The relationship between the resonances in the magne- 
tostrictive vibration of amorphous ribbons and bias magnetic 
field patterns was investigated. The first, second, third, and 
fourth harmonic peaks were detected in an amorphous ribbon 
80 mm in length and 12 mm in width, with a uniform bias 
field. Specific resonance peaks were detected with nonuni¬ 
form magnetic bias patterns which were generated with a 
pair of single-pole magnetic heads. Therefore, the response 
of the harmonics frequencies could be controlled by applying 


appropriate nonuniform bias magnetic fields. From the result, 
it is suggested that a magnetostrictive amorphous ribbon not 
only sends one bit data but also sends multiple bit data with 
the aid of bias magnetic fields. 
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